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Preface

This report summarizes the work I did in
identification of pilot model parameters using the
Recursive Least Squares algorithm. It is my sincere hope
that the results of this investigation will contribute to
the understanding and future study of the realtime
identification of pilot model parameters.

I would like to thank my advisor, Major Daniel
Gleason, for his contributions to this work. Major

Gleason's guidance and many hours of help are greatly

apprecliated.
I would like to give special thanks to my wife,

Kathy, whose sacrifice made this thesis possible.

Michael J. Rosenbleeth
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Abstract
)n air to ground test technique wvas simulated on

the Flight Dynamics Laboratory's LAMARS simulation system.
Data was recorded on longitudinal stick deflection and
longitud§nal pipper errors. The data was used to identify
pilot model parameters using the Recursive Least Squares
(RLS) Algorithm. Several different pilot models and
discretization techniques are used to determine which
method is best suited to this task. Neal-Smith Theory is
used to predict a range of pilot model parameters to be
expected from RLS identification. Pilot model parameters
@ are identified using three aircraft with different time
delays. The identified pilot model parameters and pilot
ratings are compared to see if a correlation exist. The
specific values of pilot model parameters predicted by
Neal-8Smith Theory were not jidentified. However, trends in
the pilot model parameters predicted by Neal-Smith Theory,

— for aircraft of increasing time delay, can be observed in
the identifications. (T he Se).
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REALTIME PILOT MODEL PARAMETER IDENTIFICATION

I. Introduction

Background
During the months of March and April 1987, a Jjoint

simulation was conducted by the German Flight Test
Organization (DFVLR) and the Alr Force Wright Aeronautical
Laboratory, Flight Dynamics Laboratory, Flight Controls
Division (AFWAL/FIG). The objectives of the joint program
were to introduce the flying qualities personnel and
simulation personnel to a £light test method for
pilot/alrcraft analysis [(1l]). The method was simulated on
the Large Amplitude Multimode Aerospace Research Simulator
System (LAMARS). The objective of the testing was to
analyze the pllot/aircraft system in the ground attack
mode. The testing technique employed by DFVLR uses the
Ground Attack Test Equipment (GRATE). The GRATE system
is a series of lights placed in a pattern on the ground to
serve as targets. 1In the ground attack mode the pilot
must continuously align the target sight in his
head-up-display (HUD) with the target on the ground. The
lights are switched forcing the pllot to react to pipper
errors in his HUD. The light switching and realignment

action by the pilot excites the pllot/aircratt system over




' the wide range of frequencies necessary for system
identification. The terrain board was modified with
lights similar to the ones used by DFVLR in flight testing
for the purpose of conducting a simulation to determine
the system's suitabllity for the analysis of flying
qualities. Two aircraft were used in the simulation.

Both DFVLR and AFWAL/FIGC provided an aircraft model and a
test pilot for the simulation. Both aircraft models were
linearized transfer function models. The German model was
called Aircraft A and had dynamics similar to a German
Alpha-Jet. The model provided by the flying qualities
group (AFWAL/FIGC) was called Alrcraft B and had dynamics
similar to an F-15. Both alircraft models and light bank

G software were integrated into the LAMARS Simulation System
by the author. Test runs were flown at the target lights
by each pilot in each ajircraft. Simulation variables and
pilot ratings were recorded for each run. Pilot comments
were recorded and pilot ratings were given using the

Cooper-Harper rating scale [(2}.

Bxoblem

The problem is to identify a transfer function model
of human pilot dynamics. A simplification of the
Neal-8mith pilot model will be used. The parameters to be
identified are the pilot gain, lead, lag and time delay.

In order to identify a transfer function you must have

MW ASHAAGRON 30 y X - () HY eSS
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0 recorded time histories of the input and output of the
transfer function. The data collected in the joint
AFWAL/DFVLR simulation is suitable for this purpose. Of
particular interest to the identification of pilot model
parameters are the recorded time histories of control
stick deflection (output) and pipper errors (input). A
Recursive Least Squares (RLS) algorithm can be used to
identify pllot model parameters from the recorded time
histories of control stick deflection and pipper errors.
The more pilot compensation that is required the worse
the Cooper-Harper ratings should become. Once the pilot
model parameters are identified they will be compared to
Cooper-Harper ratings to see {f a correlation exists. A

(:; correlation with Cooper-Harper ratings would serve as
validation that the pilot model parameters identified by

(RLS) are accurate.

Objectives

f} The objectives of this research are to: 1) assess
¢ the ability of the recursive least squares algorithm (RLS)
to identify pilot model parameters from operating records
obtained from the joint AFWAL/DFVLR simulation. 2)
Provide a test of the sensitivity of the established

(RL8) algorithm to noise, strategy changes, biases and
reduced order models. 3) Analyze the effects of

loop-closures and time delays and assess the value of

son, W0 8% 4 L) () A% 3 Q] ] A O PO 1]
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continued research using operating records from £light

test experiments. 4) To determine if it is feasible to
identify pilot delay as well as pilot lead, lag and gain.
It is also an objective of this research to determine the
best method of discretization for the task of identifying

pilot model parameters.

Approach

In order to become familiar with the operation of the
RLS algorithm and to be able to apply it with confidence
to a model of unknown form, it will first be applied to
data generated synthetlcally. An open-loop simulation
will be performed to generate synthetic data from a pilot
model with known parameters. Once comfortable with
identification in the open loop case an alircraft model
will be placed in series with pilot and the pilot will
close the loop. 1Identification will then be accomplished
for the closed loop case. Blased error signals and pilot
remnants are then added to the simlation and the
identification repeated. The results are compared to the
results of the uncorrupted data to assess their effects on
the ldentification.

Neal-Smith Theory can be used to determine a pilot
model for a given aircraft and bandwidth criterion that

meets specified standards of performance. The pilot model

parameters predicted by Neal-Smith Theory is highly




dependent on the selection of a bandwidth criteria. Pillot
model parameters will be calculated for a number of
bandwidths to determine a range of pilot model parameters
to be expected from identification of the operating
records obtained in simulation.

In examining the pilot models it was found that there
are several methods to approximate the pilot time delay.
Four different methods for the approximation of the pilot
time delay are used and the results are compared. Several
different methods are available for the discretization of
the pilot models. Four methods were used. They are the
forward rectangular rule, backward rectangular rule,
Tustin's bilinear rule, and the zero order hold
approximation. Each method to approximate the time delay
is used giving four different pilot models to be
investigated. Each pilot model is discretized using all
four methods for discretization yielding 16 separate
representations. These will be compared to see which
ylields the most accurate results.

All identifications will be done using the batch
least squares and the recursive least squares features of
HATRIxx. Pilot model parameters identified by HATRIxx
will be compared to the pilot comments and Cooper-Harper
ratings obtained during simulation to see if a correlation

exists.

Tow
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I11. Technical Background

Rata Acquisition
To use the RLS algorithm to identify a transfer

function it is necessary to have time histories of the
input and output of the transfer function. This work
attempts to identify a transfer function of the human
pilot from time histories of his input and output obtained
from a realtime pllot-in-the-loop simulation. The task
simulated was ground attack. The ground attack task was
simulated by an array of lights situated in a 8-pin
pattern on the ground. The array of lights is shown in
G Figure 1. The lights are numbered from one to eight.
The arrow in Figure 1 indicates the switching of the
lights. 1In order to obtain an accurate jidentification of
a transfer function, the transfer function must be
persistently excited over a wide range of frequencies.
This is a well known fact from system identification
theory. This persistent excitation is accomplished by the
array of lights. When in ground attack, the the test
pilot attempts to align the pipper in his Head Up Display
(HUD) with the lamp that is currently illuminated. 1In
other words, the pilot attempts to minimize pipper errors.
After a specified period of time the lamp which is

currently illuminated is turned off and another lamp is
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’ turned on. This serves as a step input in pipper error to
the pilot aircraft system. The lights are switched at
specified intervals in order to obtain the persistent
excitation over a wide range of frequencies required for
identification. For identification of the human pllot
model, the input is the longitudinal pipper error and the
output is the longitudinal stick deflection. Both
variables were recorded during the realtime simulations
and will be used for this purpose.

Much work was done by the author in preparing the
simulation for use at the Flight Dynamics Lab, Flight

é Controls Division, Simulation Integration Branch, LAMARS
Simulation Facility. For the purpose of identification of

‘!; pilot model parameters it is necessary to have accurate
time histories of the input (pipper errors) and output

g (stick deflections). However, so that the reader will

better understand how the data was collected I will
present an overview of the simulation. Two areas that are
of particular interest to the collection of data for the
purpose of identification of pilot model parameters are
the HUD and the aircraft model.

The aircraft model used in the simulation was a
fighter alrcraft with dynamics similar to that of the
F-15. The transfer functions for the longitudinal

short period dynamics are as follows:
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6(8) 260 _(1,5855 + 1.6896) (1)

&(S) 5(s%+ 4.25 +9.0)
afS) _ .46 _(_.0438 + 1,935) (2)
&(8) (s2+ 4.25 + 9.0)

It is generally recognized that an aircraft will receive
progressively lower pilot ratings as its response to pilot
input is delayed. To simulate aircraft of different
flying qualities a time delay was used. The transfer
functions for the time delays were developed by cascading
a first order Padé approximation. The Padé approximation
for the time delay is given as

e TS & 1 -_(1/2)8 (3)
1 + (T/72)8

The Padé approximations for different time delays are

given as follows:

- -T8 _ - {§-20)
T 100 ms o» e x (5+20) (4)
- -Ts _ - (8-10)
T 200 ms » e x (8+10) (5)
-Ts - -
T=300 ms & e x (S+6.67) (6)

Equations 1 and 2 were multiplied by Equations 4, 5 and 6.
These equations together with the undelayed equations
give four different ajircraft to be evaluated. During
testing the pilot was asked to fly each ajrcraft in the
ground attack task. During each run, pipper errors and

stick deflections were recorded. At the end of several
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& runs for which the pilot flew the same aircraft he was
asked to evaluate it. The evaluations were made using
the Cooper-Harper rating scale (Figure 2). 1In

e all, 71 runs were made and time histories and pilot

comments were recorded.
The HUD used in the simulation is representative of
;; the HUD used in the German Alpha-Jet (Figure 3). The major |
components of the display are airspeed, azimuth angle, ;
radar height, and pitch angle. Of particular importance ;
to the ground attack task is the pipper centered between
the -10 degree and -15 degree pitch markings. The pipper
symbol changes depending upon which stage of the attack
you are in. The appearance of the pipper during each |
@ stage of the attack is shown in Figure 4. The symbols are

displayed as follows shown in Table 1.

Symbol 1 in distance (X > 1900m)

Symbol 2 in range (X=1900m)

Symbol 3 in £iring range (X=1750m)
* Symbol 4 at the end (X=750m)

the cross flashes on/off

every 1/3 sec.

Pipper Symbology
Table 1
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azimuth angle

/ (10 deg)
0% S

radar height
airspeed ~—

(xt) \\\\\\‘~ marker "’//’,r (ft)

400 U 0.700

pitch angle

‘r”’,af(deg)
—-—A m— ‘

— =2 __

Head Up Display

‘I' Figure 3
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Symbol 1

Symbol 2

Symbol 3

Symbol 4

Pipper Symbology

w Figure 4
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. The pipper is fixed in the lateral direction,
however, it may move in the longitudinal direction. Two
effects are taken into account when calculating the
longitudinal pipper location. The first effect is caused
by a change in target location in the HUD as the aircraft
approaches it on a fixed trajectory. This effect is
called trajectory shift and is readily calculated from the
geometry of the attack. A second but less significant
effect is the effect of drag and gravity on the bullets.
This effect is called gravity drop. Even though these
effects were taken into account, the pipper usually remained
in the upper half of the HUD and did not move more than
approximately 75 milli-radians.

ﬁ All data collected during the simulation effort was
stored in standard AFWAL/FIGD binary format. It was
required to convert the data to ASCII format and put in a

form that can be loaded into HATRIxx.

The Pllot Model
The pilot model under study is a simplification of

the classical Neal-Smith model. The basic definitions of

the pilot model parameters are:

-r.8 T,8¢1
. 618) M Tl (1)
G(8) e(8) erxp 723*1

é = longitudinal stick deflection , in

e = longitudinal pipper error , mill-radians
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Kp = pilot gain . in

Ty = pilot lead s, Becs
T, = pilot lag s SECs
75 = pilot delay s SEcCs

The objective of this work is to identify the pilot model
parameters Kp, Tyr Tor Ty from the time histories of & and
e obtained from the simulation. The pilot model given in

Equation 1 is acting as part of a feedback control

system (Figure 5). There are some basic assumptions involved

in using the above pilot model. It is assumed the pilot
behaves like a good servo-controller. That is to say he
provides a specified command-response relationship. 1It is
assumed that the pilot suppresses unwanted inputs and
disturbances and concentrates solely on the desired
control of the aircraft. It is also assumed that he
reduces the effects of variations and uncertainties in
elements of the control loop (4).

The describing function of the human pilot is a
linear model. This a good assumption for short periods of
time. However, the human controller is very non-linear.
The non-linear portion of the human pilot is called the
pilot remnant and is the difference between the output of
the describing function and actual pilot output. The
pilot remnant will not be identified in this work. It
will be assumed however that any differences between the

output of the pilot model and the actual time histories

-15-
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G recorded in simulation will be attributable, at least in
part, to the unmodeled pilot remnant.

There are several restrictions on the use of Equation 7
for pilot modeling. The input to the pilot must be
random. The pilot should not become sufficiently familiar
with the task so as to be able to anticipate the forcing
function. He must react to the forcing function with no
prior knowledge of what the function will do. This wvas
accomplished in simulation by switching the lights at
different time intervals At. Wwhere

2.25 £ At = 3.15
Different sequences of lights were also used. Because the
sequence of lights and the time interval between switching
@ was varied the pilot was unable to become familiar with

the sequence. He was not able to anticipate which light ‘
would turn on and when.

The input to the pilot is an error signal. 1In the
case of ground attack the error is displayed on the HUD.
The primary input to the pilot is the longitudinal

distance between the center of the aiming reticle and the

cooa bt T

target light as Seen through the HUD. This is the pipper

errox. The system is compensatory in that only the error

and not the error rate is displayed. The pilot attempts
to minimize the error in minimum time through control

stick deflections.
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Pilot compensation is very sensitive to aircraft
dynamics. A small perturbation model which is linearized
about a nominal operating point should be used. It is
essential that the pilots attention be focused on his
primary task, minimization of plpper errors in minimum
time. His attention should not be diverted to side tasks.

The pilot should be a trained and motivated operator. He
should be familiar with the dynamics of the aircraft and
the task to be accomplished. He should be motivated in
the sense that his maximum effort is being given to the
task. 8Should his attention be diverted or he gives less
than his maximum effort to the task, the data he generates
will be poor and the identification of his dynamics as
represented by the pilot model parameters will be

questionable.

Iime Delay
From Equation 7 it can be seen that the pilot model

contains an exponential term.
-r.8

exp 3 (8)
This term models the pilot delay due to neuro-muscular
lag. It is also called the transportation lag or dead
time. 1In order to identify the pilot model parameters of
EqQuation 7 using the algorithm RLS it is necessary to
discretize the equation. This will be shown in more
detail in a later section. In discretizing Equation 7 it

was found that the transportation lag given by Equation 8
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‘ was not easily discretized. It was necessary to use an
approximation to the pilot delay.
Several approximations to Equation 8 will be used.
The PaGé approximation to the time delay given in Equation
3 will be used. Two other methods will also be used.
These methods are not as accurate as the Padé approximation
but are simpler to implement.

1£ T3 is very small, then the pilot delay may be
approximated by

-138
exp = 1 - 738 (9)
-T.8
I ] (10)
Such approximations are good {f T3 is very small and,
@ the input time function f£(t) to the pilot delay term
is a smooth and continuous one. This means that the

second - and higher order derivatives of f(t) are
small (5).

In addition to the two representations shown above,
another representation to the time delay was used. It is
the well-known Padé approximation for time delay and is

given by
- -133 1l - (73/2)8

(11)
exp 1+ (v4/2)8

It is not known which of these representations for pilot
time delay is best suited for the task of pilot model
parameter identification. 1t is desired to try all three
methods as well as neglecting the pilot time delay
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‘ altogether. This gives rise to four distinct
representations of the pilot model G(s).

1 P (v,8 ¢+ 1)
(.8 ¢+ 1)
= - M Sl (13)
G2(8) = Kp1-7138) s+ 1)
Goig) = —p_ TS+ 1) (14)
3 (1+7,8) (7,8 + 1)
(1 - (v,/2)8) (v,8 + 1)
G,(8) = K —3 A (15)

P (1 ¢+ (73/2)8) (1,8 + 1)
Bode plots of magnitude and phase shift give a good
indication of which approximation to pilot delay most
i closely approximates the actual delay. This will be
: (:: examined more closely in Chapter 4.

- Riscretization Techniques

In order to apply the recursive least squares (RLS)
feature of ﬂAmRIxx it is necessary to discretize the
ff pilot models of Equations 12 through 15. This is
necessary because the RLS algorithm in HATRIxx identifies
the coefficients of the discrete transfer function not the
continuous. In order to discretize the equations one must
have a relationship between the 8 domain and the Z domain.
There are a number of such relationships available. Bach

represents a discrete approximation to a continuous

-20-
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' system. Three different methods for discretization are

used. They are shown as follows:

s = izd (16)
- =21

s 51 (17)
- 4 2 -1

[} T 2 +1 (18)

The above approximations to S are substituted into
the pilot models of Equations 12 through 15. The
discrete time variable Z is equivalent to the advance of
one time step.

ZY(KT) = y(KT+T) (19)
Equations 16 through 18 are different ways of
G approximating the process of differentiation in the 2 -
domain. Equation 16 is called forward integration and
is equivalent to estimating the rate by looking forward

over the time interval.

Y(KT+T) = y(XT) -
= = yxr) 2210 (20)

Bquation 17 is called backward integration and is
egquivalent to estimating the rate by looking backward over

the time interval

y(KT) - y(KT - 7) _
X = yixr) 1321 (21)

The approximation given by Bquation 18 is the

trazezoid rule or Tustin's bilinear rule, found by

approximating the average rate over the interval. An
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additional method is also used. It is called Hold
Equivalence or Zero Order Hold. The concept behind this
technique is that the output of the discretized transfer
function is equivalent to the output of its corresponding
continuous transfer function with the exception that the
output is constant or held over the interval. The
discretized transfer function is formed from the
continuous transfer function from the following

relationship (6].

= -z His)
H o (2) = (1 -27) & |- (22)

The script Z denotes Z-transformation, which is the
Z-domain equivalent to Laplace transformation.

Bach of the four methods of discretization described
above are used to discretize the 4 pilot models given in
Equations 12 through 15. This will yleld 16 different
discrete representations of Equation 7. Bach of these
representations will be used to identify the pilot model
parameters and a determination of which one is best suited
to the task of pilot model parameter identification will
be made.

The general form of the discretized pilot model is

shown as follows:
n m-1
N 27 ¢+ N, 2Z
0(2) = <9— 1
doz + ‘1‘

’...’"

A (23)

n-1
L JU dn

-22-

ARAAN SN QI AN rar

W

f

d ' - ‘ ”
) 0\ A A AT AL AN A L)l 8 AN AR, N

S




The orxrder of the numerator and denominator are m and
n, respectively. They will vary depending on the
discretization technique used. 1In all cases,
nZm (24)
and the coefficlients
N, N, oo N
and

do' dl' LI dn
are identified by the RLS algorithm. Algebraic
expressions for the coefficients are obtained when the
pilot models are discretized. 1In all cases they are

functions of the plilot model parameters.

No = f(Kp, Tye Too 73)

. (25)

dn = E(Kp, Tyr Tou 13)
The identification involves solving these equations for
Kp, Tyr Tyr Ty In some cases these equations are

non-linear and do not yield unique solutions. These

equations are developed in more detail in Chapter 4.

Least Squares
Both Batch Least Squares (BLS) and the Recursive
Least Squares (RLS) are used for identification. Both
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‘ algorithms are well established and have been in use
extensively in system identification.

Batch least squares is a very popular approach
that goes back to Gauss and Legendre in the

early 19th Century. Recursive identification
algorithms update parameters at every sample,

as opposed to batch methods which operate on

an entire time history of data all at once.
Recursive algorithms are characterized by

finite non-increasing storage requirements.

They are typically well-suited for real-time
on-line identification with modest processors (8]).

Both algorithms form least squares estimates of the

i coefficients from the following eguation:

o = (x"x) xTy (26)
where
9' = lNo’ Nl.".“m' do' dl'...dnl
G\‘ the Least Squares estimate of

coefficients.
X = Matrix formed from input and
output data
Y = output vector
The above equation is a simplification presented only
for background information. In order to understand and
use the BLS and RLS features of MATRIX and be confident
of the results it returns, it was necessary to understand
the algorithms in greater detail. For a detailed
derivation and discussion of the batch and recursive least

squares algorithms refer to reference (61].
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An example best serves to illustrate the use of
HM'RIXx for identification of the coefficlents of a
discrete transfer function. Given the following discrete

transfer function:

+
Ny = 6L . P
e(Z) z - b1

This can be revwritten as:

-1 -1
6(2) i} a 2+a] 4 i} ao+alz (27)
e(2) 2-b, 771 1-blz'1

The difference equation can then be written as:

1l -1

6(2) (1 - b, 2°7) = e(Z)(a +a;Zz ") (28)
6(K) = a e(K) + a,e(K-1) + b,&6(K-1)
The discrete time histories of e and 6 from t=1 to t=N
would yleld the following set:
6(1) = aoe(l) + ale(O) + b16(0)
6(2) = a,e(2) + a,e(1) + b,6(1) (29)
6(3) = a e(3) + a,e(2) + b,6(2)

6(N) = aoe(u) + ale(N—l) + blé(N)

This can be written in HATRIxx format as:

Y = X6’ (30)
where

Y = (6(1),6(2),6(3),...,6(N)) (31)

6= la,, a,, b)) (32)
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“I’ and

e(l) e(0) 6(0)
e(?2) e(l) 6(1)
e(3) e(2) 6(2)
X = . . . (33)
| e(N) e(N-1) 6(N-1) |

The Batch Least Squares solution to &' may be found by
typing into HATRIX*:
6’ = X\Y
é MATRIX will internally solve Equation 30.
@ To solve the problem using the recursive algorithm is
o considerably more simple when using HArRIxx. One need
only provide the algorithm with an initial guess at the

coefficients [ao, a. bll, the initial covariance which

defaults to 105, and the time histories of input and
output. In this case one would input:
K Y = (8(1), 6(2), 6(3), ..., 6(N))

U= [ e(l), e(2), e(3), ..., e(N)]

NUMO = [ O O )

DENO = [ 1 O )

(NUM, DEN, FITERR)=RLS (Y, U, NUMO, DENO, PO)
WVhere NUMO, DENO are the initial guesses at the

N coefficients. The program will return;

AR RS v ) Iy 3 - -
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NUM = (ao, a,)

1l

DEN = (1, bll

The FITERR parameter is defined as the sum of the squared

residuals and gives an indication of the goodness of fit.
The preceding was done for the discrete transfer

function of Equation 27, but may be extended e=asily to a

discrete transfer function of any order.

Neal-Smith Theory

Neal-Smith Theory is a means of predicting what
compensation the pilot is likely to apply and relating the
compensation to pilot opinion. The pilot is represented
by Equation 7. The pilot is viewed as a good
servo-controller that adapts himself to the control
system/aircraft combination by providing the compensation
required to achieve the desired performance. The pilot is
trying to achieve certain performance standards. The work
done by Neal-Smith examines pilot performance for the
pitch-tracking task. The pilot's view of good tracking is
that he be able to "acquire the target quickly and
predictably."” 1In the frequency domain this is equivalent
to minimizing the bandwidth. The pilot is also trying to
achieve two other other things. He trys to minimize the
low frequency droop and at the same time he trys to
minimize the resonant peak. These parameters are

fllustrated in Figure 6.

Standards for these parameters
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have been established by Neal-Smith. Por most
configurations the minimum bandwidth is 3.5 rad/sec. The
low frequency droop was determined to be -3db. Both
standards of performance were determined somewhat
arbitrarily. 1In this work the minimum bandwidth will be
varied to examine its effect on optimal pilot
compensation. When using Neal-Smith theory to calculate
optimal pilot compensation, pilot time delay is assumed to
be constant and equal to .3. The theory is then used to
calculate the optimal values of .51 and Ty

In ordexr to obtain closed-loop characteristics from
the open-loop system a Nichols chart will be used. The
Nichols chart has the performance standards defined on it
as in PFPigure 7. This provides a graphical means to
determine if the closed loop pilot/aircraft system meets
the desired standards of performance. The Nichols chart
is also useful for determining the resonant peak.

Neal-8mith showed that there is a relationship
between pilot compensation and pilot ratings. Closed-loop
resonance is plotted versus total pllot-compensation. In
general, the lower the closed-loop resonance and the
closer to zero the total pllot compensation the better the
pilot rating.

In this work Neal-Smith theory will be used to

predict what values of Kp, Tyr T, are to be expected from

TR
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‘ pilot model identification of the operating records
obtained from the simulation. Optimal pilot models will
be calculated over a range of bandwidth criterion to
determine a range of pilot model parameters to be
expected. Closed-loop resonance will be plotted versus
the pilot model parameters obtained from identification to

see if a correlation exists with the pilot ratings (31].
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III. Closed-Loop Simulation

Chaxacteristics of the RLS Algorithm
The purpose of this section is to investigate the

characteristics of the RLS algorithm. The algorithm will
f@ be used to identify pilot model parameters in the closed
| loop case. 1In order to close the loop around the pilot
model it 1s necessary to simulate the aircraft pitch

response to control stick deflections generated by the

pilot model. A stick to pitch transfer function was

;i chosen that is representative of a generic fighter-type
£ alrcraft in the ground attack mode. A discretized input

G:? signal found useful in system identification is then
k? applied to the pilot/aircraft system and time histories of
input and output are recorded. These time histories are
then used to identify the pilot model parameters. The
*y abllity of the algorithm to identify pilot model
13 parameters when the system is corrupted by noise is also
. investigated.

The system under study is the closed loop system
shown in Figure 8. The pilot model actually represents
the linear portion of the human pilot. The additional

L term 6: is added to account for nonlinear human pilot

e effects. The term 6t is the pilot remnant and is the
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Ry

difference between the output of the pilot model and the
actual control deflection.

Two pilot models will be identified. The first model
is representative of a pllot using excessive lead

compensation and is implemented with:

. 2'0
KP
11 = .8
T, = .2

The second pilot model is representative of a pilot

using excessive lag compensation and is implemented with:

= 1.0
KP
11 = .2
'2 = .8

The aircraft stick to pitch transfer function used is

representative of a German alpha-jet and is given as follows:

e(s) bs , by 3
= 3 2 (34)
6(s) s” ¢+ azs + as + a,
Where
b° = 1.406 a = .0985
b1 = 2,38 01 = 23.5
a, = 5.67

The RLS identification is not dependent on the aircraft
model used. The optimum pilot model and the closed loop
simulation both use the P-15 model. The discretized pitch

input command; ‘E is shown in PFPigure 9. In order to
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implement the pilot model, the pitch response to stick
input and the command input had to be discretized. The
command input was easily discretized because it is already
in a discrete form as can be seen in Figure 9. The pilot
and aircraft model were not so trivially discretized. The
pilot and aircratt models were both discretized using the
forward integration rule.

The pilot model may be written in discretized form

as:
o () =0mL  hieRo (35)
P, e(Z) Z+ B
Where
(t,/7T)
Bo = - ('I/T T 1) (35a)
(K _*.)
- - i - 25 S
Ao (12/7 T 1) (35b)
(K 7v,/T + K_)
A, = —o il o (35¢)

1 (12/T + 1)
Where Ao’ Al' Bo can be identified by the RLS algorithm.

The airxcraft model can be written in discretized form as:

D.Z + D
:%2% "2 . c :2 + coz +C (36
2 1 o
Where
(-3/13 - 2a./7% - a,/T)
2 'y
c2 = 3 2 (37a)
(/T + azlr + al/T + ao)
3 2
(3/T + a,/T")
€ - 2_ (37b)

2

(1/1‘3 + azlr + 11/7 + ao)
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Laak Sal ok = " beaad oad 2 ol

® :

(1/7)
%" Tamd e a2 v a/rea) (7€)
(by,/T + b_)
o1 " (1/'1'3 + allrz +°a /T + a) (374)
2 p | o
o, *= -bé/r (37e)

(/13 + a /1% vay/rea)

In order to evaluate the recursive least squares
algorithm data was generated for several cases. Constant
and sinusiodal blases were added to corrupt the data. The

following signals were used:

3 e, - ec -0 + .1 Constant Bias (38)
g e, =6, -6+ .18Inut. Sinusiodal Blas  (39)
‘.." vhere w=1/725

The unbiased errxor signal wvas applied to the pilot
model so the bias would be unmodeled. The bias was then
added to the error signal before application of the

f recursive least squares algorithm.

A similar procedure wvas used to model the pilot

b e

B remnant.

6t = ,1 Constant Remnant (40)

6: = .1 8in wt. S8inusiodal Remnant (41)
The remnant was added to the output of the pilot model and

X used in identification.

-37-

* LA a i s R R 3 5 ?
e A A L R TS ALY

PEPTY ) L4 A & ol 3 ‘Y R X
R KOOI o Tl ST My P PO R N O M T R



s LIS S Sy Y1

. The remnants and bias were tested on both pilot
models providing 10 separate identifications.

Table 2 contains the results of the 10

identifications.
Data Type First Pilot Second Pilot
Kp Tl 72 Kp 11 12
. Actual 2.0 .8 .2 1.0 .2 .8
5 No Bias 2.000 .8001 .2000 .9999 .2000 .8000

N eBias/Const 1.0467 1.9199 .2541 1.0429 .2264 .9225
eBlas/Sin 1.3862 1.3437 .2346 1.008 .2110 .8425
Rem/Const 1.5879 1.1101 .2209 1.031 .2139 .8708
Rem/Sin 1.8324 .9131 .2097 1.031 .2139 .8708

Table 2. Closed Loop Pilot Model Parameters Identified

@ The second pilot model 4id not seem to be very
sensitive to noise and remnants. The first pilot model
was more sensitive to noise and remnants. The
identifications of T, was fairly accurate but large
differences exist in Kp and Ty In general the algorithm

W seems to be fairly sensitive to both the constant and

o sinusidal blases and remnants.

optimum Pilot Model

There are two objectives to this section. The first

objective is to calculate an optimum pilot model for the

Pt

P-15. A Neal-8Smith analysis was done on the F-15 to
obtain the optimum pllot compensation. In the Neal-8Smith
Qib analysis a Padeé approximation was used to represent the

-38-
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@ pllot time delay. The optimum pilot model, including the
Padé approximation to the time delay are discretized
using the backward integration discretization technique.
The P-15 is discretized by putting the model in phase
variable canonical form and using the approximation to the
matrix exponential function. Both models are then used to
simulate the closed loop pilot/aircraft system. The
simulation was used to generate time histories of the
input and output of the optimum pilot model. The second

B objective of this section is to identify pilot model

parameters including the time delay. The batch least

i squares and recursive least squares algorithms in Hatzixx
along with the time histories generated in the simulation

eg; will be used for the identification.

o The aircraft model used in this work is the stick to

X pitch transfer function for an F-15 shown below as

6(8) _ _.60(1.568 + 1.896) (42)
6(8)  g(s2 4+ 4.28 + 9.0)

iz The optimal pilot model is calculated for the F-15 because
: it is the aircraft used in the realtime simulation. The
optimal pilot model parameters may then be compared to the
results obtained from RLS identification of the simulation
data.

In oxder to calculate an optimum pilot model you must
plot the open loop pilot/airzcraft transfer function on a

Nichols chart. 1In general, the transfer function is

AESAAN AU R AN ¢ y b v I W : ]
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where
: s (-.38) 34
. 8 = erxp 7,8¢1

and the Padé approximation to e("ss)is used and is given
as

".38 -
= exp ' = 1+ .15 8

The first step is to plot only the time delay multiplied
by the aircraft transfer function and adjust the gain
until the magnitude at w = 3.0 is approximately -54B, then
add lead or lag compensation as zequited. In this section

g it will be assumed that the pilot delay is equal to 300

‘g? milli-seconds. The Padé approximation to the time delay,
eﬁ multiplied by the ajrcraft transfer function, is given as
!t
n follows
1 260(1.588 + 1,896)

; ° (8) 1 + .158 8(8%2 + 4.28 + 9.0)

After multiplying through by the Padé approximation the

I R s

"

transfer function becomes

| 6.(8) .158% + 1.6383 ¢+ 5.5582 + 9.08

In order to use the above equation in a Nichols plot
program it was necessary to substitute 8=ju in for 8 and

reduce the above transfer function to the following form

-40-
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o (3o, (142267 + 1,1376) + 7774 _ AtBi
5 ¢ (.150% - 5.550%) + (~1.6307 + 9.0w)3 C+D3
d where
; A= .142207 + 1.1376
»4. 4 2
: c= .50 - s.550
; D = -1.63u% + 9.0w

A,B,C,D were programmed in a Nichols chart program and a
plot was generated. From the plot it was evident that
104B of gain was needed to raise the plot to the correct

level and that lead compensation would be needed. A

bandwidth of Oy 3 was chosen as the design point. At

| Oy 3 the phase angle should equal -130 degrees (3).

‘i?l But at Oy " 3 the phase is -160 degrees. Therefore the
pilot model should contribute 30 degrees of phase lead at |

Oy = 3. Ve have

1’10 = .60 at w = 3.0
#
»
f Ty, = ;ﬁ% = ,200 sec

This gives the following pilot model
K Kp(118+1) = 10(.28+1)
which represents pure lead compensation. The following

represents the optimal pilot/alrcraft system.

_©(8) _ 10(.28 + 1)
6_(8) 1 + .158 + 4.23 +9.0)

D .
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The system requires further adjustment in order to meet

the standards of performance. After several iterations of
adjusting the lead and gain, the following system was
determined to be optimal and a Nichols chart is presented

in Pigure 10.

—g— = 7.4728(.19338 + 1)
c 1+.1ss s(s+4zs+9o)

Also shown in Figure 11 is a Bode plot of the closed loop
system for comparison with the Nichols chart. The plots

of Figure 11 show a system where the low frequency drop is
-3dB with a closed loop peak of zero dB. This is exactly as
is seen in the simulation results that follow. The
optimum pilot model calculated indicates level 1 flying
qualities because it requires minimum pilot compensation

and has a low closed loop resonance.

Riscretization of Pilot Mode) with Time Delay
The £full pilot model with time delay is defined as

S(8) . _ r]s +1
e(8) pl+ (T/72)8 128 +1

Let T/2 equal L and you have

5(8) X l - 138 118 +1
e(8) Pl + 138 123 +1

After multiplying out and rearranging terms, the above

can be expressed as
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where

o

- + als + a
8" + bls + bo

Tz 73

(43)

(44a)

(44b)

(44c)

(444)

(44e)

Equation 43 was discretized using the backward integration

rule given by Equation 17. This approximation for 8 was

substituted into Equation 43.

rearranging terms, Equation 43 becomes

e(?)

where

2
+ e +
A2 }&3 Az

22 + B2 + B

1l 2
a2,
= 2 + + b
T T

-45-
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(45)

(46a)

(46b)
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(46¢c)

(464)

(46e)

Vhen using the least squares algorithm it is Ao' “1' Az,

81, and 32

relate these to Kp, Tyr Tor T3

that are identified.

Given Ao through B

The problem then is to

the RLS algorithm the following set of algebraic equations

relates them to the pilot model parameters.

bo

*2p

2
2

- B
4[]




3 200
.
1 aor
. bl - b ra
2 b°

In the calculation of T3 the positive square root was

chosen to insure that T3 remains positive.

Riscretization of the F-15 Model Using the Matrix

Exponential Function

The transfer function for the F-15 model is given in
Bquation 42.

After transforming this system to phase
variable canonical form we have

xl 0 1 0 xl 0

X,| = 0 0 1 X, + 10 é (47)
x 0 -9 -4.2 x 1l

|3 ! ] U2 w

e(t) = [1.1376 .948 0] X, (48)

X3
The corresponding discrete system is
XT(K) = AT ® XT(K-1) ¢ BT * UT(K-1) (49)
YP(K) = CT * XT(K) (50)
vhere
2,2
AT = 1 ¢ AT ¢ ‘;f— (51)

-47-




2 .23
BT = IT ¢ ‘%T + ‘3{- (52)
Cr = C (53)

uhrllxx was used to calculate AT and BT with T = .1. The

following matrices were calculated.

N 1 .0985 .0043

. AT = |O -.9613 .0804
_0 -012‘0 06235
,0001677

h BT = |.0043

A .0804

: An eigenvalue analysis was done on "AT" to determine
if all of the roots are inside the unit circle. The roots

o are
" 1 e o

v 7924 ¢+ .17233
@ 7924 - .1723)3
ji The root at 1.0 was changed to .9998 to insure
o stability. The above egquations were programmed in FORTRAN
and implemented in the simulation as subroutine F15.
) Rigital gSimulation
The digital simulation used to generate the time
histories for identification is the same as the simulation
program used in the previous simulation with the exception
of the pilot and aircraft models. The program wvas
modified with the new pilot model that includes time
h deiays. The airxcraft model was replaced with subroutine
F15. A listing of this program is contained in Appendix
ﬂgﬁ A. The simulation was run for 110 seconds and tabulated

DULOO ) ) ) g Ny X W
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0 data for e, 69, é, and Oc is also contained in
Appendix A. It can be seen from the tabulated data that
THETA approaches THETAC without overshooting as would be
indicated by the Bode plot in Figure 11. The Bode plot of

Figure 8 serves to validate wvhat is seen in the data.

Identification of Pilot Model Parametexrs
In order for the optimum pilot model calculated from

the Neal-8Smith theory to fit the format of the discretized
general pilot model it was necessary to add a lag term.
The lag term that was added is (.01 *# 8 ¢+ 1). It was
determined that this term adds no amplitude and negligible
phase lag. It was included only so the form of the
‘:? optimum pilot model would match the form of the

y discretized model. This would make identification of
pilot lag possible.

The data generated by the simulation is converted to
¥ a format usable by HATRIxx by program CONVERT. Given Kp,
Tye Tor T3 from the optimum pilot model, and the
equations for the coefficients of the discretized pilot
model, the coefficients may be calculated as

-.1568
T 5741
-.3102
1 .6909
2 '.05‘5

w UJ ’ob
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@ The mu'axxx diary is contained in Appendix B. The
coefficients as identified by HASRIxx from the time

histories are

A, = -.1569
A, = .5701
o - -.3104
b B, = .6913
: B, = -.0545

This is a good identification as can be seen by the
closeness of the numbers. The fiterr of .2446 is the sum
of the squared residuals from the RLS algorithm. A fiterr
of .2446 is very low by comparison to much larger values

of fiterr obtained on runs where there was not a good

;? identification.
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IV. Discretization of Pilot Models

It is desirable to determine which of the
approximations to the pilot time delay most accurately
approximates the actual time delay. This can be done by
comparing the frequency response of the pilot model with
the actual time delay to the frequency response of the
O pilot models with the approximations to the time delays.
B The frequency range of interest for human pilot dynamics
| is from .1 to 10 radians per second [(3]. 1In order to

generate frequency response plots for the pilot models it
is necessary to have values for the pilot model
(g:‘ parameters. The optimal pilot model parameters determined
o from the Neal-Smith analysis of the previous section will
be used for this purpose. The optimal pilot model

parameters are

e K, = 7.47
‘5 T, = .19
} T, * .01
K Ty = .15

These values of the optimal pilot model parameters are
substituted into the pilot models of Bquation 7 and
Bquations 12 through Eguation 15. The resulting pilot

models are given in Bquations 55 through S59.

- {.198¢1) (-.38)
09(8) 7.47 (.018+1) °XP (5S)
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Gpl =747 ff%%gf}} (56)
Op, = 7-47 (1-.38) {fﬁggf%% (57)
093 R m%'a?)' (.01311) (58)
094 =74 %%ff}§§} c.o1sI1) (59)

Bode plots for G through G
P Py

interactive software package TOTAL (13). A Bode plot for

were generated using the

Egquation 55 cannot be generated using TOTAL because of the
complex exponential term representing the time delay.
Equation 55 must be solved numerically. In order to
generate a solution let 8=jw and substitute into Equation

$S. :

7,47 Ltad8Uwl . -.3(jw)

1+.01(Jw) ©°*P

The magnitude and phase angle for the above expression can

Mag = 7.47 At (19) @
/ 1+ (L0122

|

be given as

¢ = tan”! (.190) - tan”! (.010) - (.3w)
The above equations for magnitude and phase angle are
programmed in FORTRAN program BASE. The frequency is
varied from 0 to 10 radians per second by .1 radians per
second. Tabular data for the magnitude and phase angle

along with program BASE are contained in Appendix B. Bode

-§2-

Lo it Bt A g o ]

5 LA P RSN EEN » ' rPAYA™ » v oW W N ') S % W
. gt AR "i.“:'.“rv AN ERRA AT TR LA AN (AL S AR LA S (XMl m <y b Wl LA OGO NN n'?'




L el EREAETE TE T TEETWE T ATy TR e e S

plots for Gp through Gp are presented in Figure 12
1 4

through 15 for comparison.

The plots of Pigure 12 through Pigure 15 contain the
actual phase and magnitude calculated from the above
expressions for phase and magnitude. The actual phase and
magnitude can then be compared to the approximate phase
and magnitude given by Equations 56 through 59.

From Figure 12 it can be seen that the magnitude of
G is identical to the magnitude of G_. The phase angle

o:IGp1 closely approximates the phase :ngle of Gp for
frequencies less than 1 radian per second. Forx
frequencies greater than 1 they start to diverge. At a
frequency of 10 radians per second there is approximately
180 degrees difference in the phase angle of Gp and Gpl.
Gp is the pilot model with the time delay unmodeled.
Figure 12 shows that for unmodeled time delay the output
of the pilot model will lead the actual output by 180
degrees.

Figure 13 is a Bode plot of sz. There is some
magnitude distortion at the higher frequencies as would be
expected when adding the numerator term as the
approximation to the delay. At a frequency of 10 radians

per second the magnitude of G is approximately 124b

P2

greater then the magnitude of G_.. The phase angle of G

P Py
is relatively constant, dropping to only -15 degrees at 10

radians per second. This leads the actual phase angle by

-53~-

A0 OA0 ' ! : OO O > X
T L G I e L T T A R R G AR N T N Y,



NO TIME DELARY

PILOT 1

o o (5335331 LJIHS 3§UHd o

= ~ © o= =e
i’ﬂ':
I
=
=

LI l.' Tgl LER AL USUL"IE[Z'j T m01§.?é BRI 1912 .rg]}' LARLLJ ﬁdol .rOrI

(S7381330) 30NLINOUW

(RAD/SEC)

FREQUENCY

&ﬁePhn:ﬁrtxknmdtwl(N:tuw<hhw)
Figure 12




- ——— " —  ——— W TR W W W W AL W W T WS—" -

e e = 2

€1 by
(KeTep awyy Iojeseurw) Cdo TewRdo 303 0Td #pod

(33S/0”¥) AIN3INO3IYS
001 6 9 ¢ 9 $ { § { 1-01

00°01

;
i

TVryrryrsved

K

SZ2°91

LIRR LRI

-55-

/
;

Tryve

SL'E2 %??ZZ
(§7381230) 30N LINIBW

LI

00°S¢

Tyrvy

AB130 dWIL YOLBAFWNN ¢ 1011d




e b a2 a l A £ g b Btk o 2 8 L8 ok d s o g Bk 2 A --H"-K-\-n-1

180
2

_
o
L
-
R
.
!

Ll 1 4 F U W T N W W N W S | A i

‘@ N

/1 .

FREQUENCY (RAD/SEC)

-
b
4'5\’
I
y
!

k3
i

@

PILOT 3 DENOMINATCR TIME DELAY
Qo

Bode Plot for Optimal Gp3 (denominator time delay)
Fiqure 14

N\
1/ % _

o

qu—y

LIS LILERE T1T 71T Vvitb7T T LR L LR L

YR 05°22 5291 00°01
(S87381330) 30NLINSBW

IR L] LELS LI}

00°S€t

SR N 0T N O S NN DO DA O OO O OGO AT DO ) MM&W




(o

I LA dl Aol o L d TR TORT

PADE' APPROXIMATION

PILOT 4

g 8

PRV W T U TN PO N W T N S S TN | JLJM!J]I‘_“'-‘

il

oy

'109

FREQUENCY (RAD/SEC)

atad

bon

Bode Rhﬂ:fbt'Opthun.Gp‘lp.dé approximation to time delay)
Figure 15

f
(N

ol

" 00°Se 3L'ez  0S'zz  §2'91  00°01
(57381330) 30NLINOYW

-57-

ERUSLCORNAUNSOANIMAN LW CRCAMY SN ORDO ADOOOCOOOONC OO O DU OLOC DDA



AARARS

UL S A

L TEPLEN HAENELAEN NN NN PHENBNPNENENEN BTN BNSNaW wN =

approximately 100 degrees at 10 radians per second. This
is a large phase lead but it is an improvement over the

180 degrees lead of G_ .

FPigure 14 is a B::e plot of Gps. The magnitude of
op3 is 10db less then the magnitude of Gp at 10 radians per
second. The phase angle of Gp3 is similar to the phase
angle of sz and also leads the actual phase angle by
approximately 100 degrees.

Figure 15 is a Bode plot of Gp‘. The magnitude of

Gp is exactly the same as the magnitude of Gp . This is
4

expected because the Pade approximation to the time delay
will not introduce any distortion in magnitude. The Pade
approximation to the time delay will only introduce a

phase shift. The phase angle of G is equal to

Py
approximately ~55 degrees at a frequency of 10 radians per
second. Gp leads Gp by 60 degrees at this frequency.

4

The 180 degrees lead introduced in G by not

31

modeling the pilot delay, is the worst of the 4 cases.

Gp and Gp provide similar responses in phase shift and
2 3

are both off by about the same amount in magnitude. The

60 degrees phase lead G is the best of the 4 cases.

Py
8ince the responses of Gp and Gp provide equivalent
. 2 3
amounts of accuracy, Gp is eliminated from further
3

consideczation.
The stéb responses of the closed-loop optimal

pilot/aircraft systems are examined to determine how well

-58-
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0 the different discretization techniques approximate the
continuous responses. The pilot models of Bguations 56,
57 and 59 and the ajircraft model of EBquation 1 are used
to form the close loop system. The closed loop responses
are calculated and plotted using TOTAL. Three different
discretization techniques are used. They are the backward
rectangular rule, the Tustin'’s bilinear rule and the

zero-order hold approximation. e G are each

%, %, %,

discretized using each method giving a total of 9 plots

for comparison. A plot of the continuous system is also

presented for comparison with the discrete plots. The

0 plots are presented in Figures 16 through 24. The
sampling rate or time period for these plot is .1 second.

‘:: A time period of .1 was chosen because this is the

* sampling rate used in the realtime simulation. In each

case the discretization technigue provides a time response

\ that is an adequate approximation to the continuous. The

i most accurate discretization technique is the zero-order

e hold approximation. The zero-order hold approximation is

essentially equivalent to the continuous with the

exception that the output is held constant over the time

interval.

; In this section I will present the discretization of

the pilot models by the 4 methods previously discussed.

The discretization methods are as follows:

T L
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OPTIMAL PILOT/AIRCRAFT SYSTEM DISCRETE BRR
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‘ 1. FPorward Rectangular Rule

s = 13

2. Backward Rectangular Rule

Z2-1
8= "1z

3. Tustins Bilinear Rule

g =2 &1
T 2+1

4. Zero Order Holad

: . (1-27)) z| LB2

Pirst I will discretize Gp using each of the 4 methods.
1
In order to make the discretization process easier 1 will

@ put the pilot model in a convenient form.
‘ .8 .
091(3) = Kp ;;;—:—} (60)
K 'rls + K
* 728 +1 (60a)
a,8 a
= (60b)
b18 + b°
WVhere
01 = Kptl (6la)
a, " Kp (61b)
b1 =T, (61c)
bo s ] (614)
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@ Making the substitution for 8 given by the forward
rectangular rule into Equation 60b and rearranging terms

leads to the discrete transfer function given below as.

A,Z + A
691(2) = Z + Bo (62)
g Where
) a
4] _L
¢ Al = bl (63a)
(a_T-a,)
A = —2—1_ (63b)
o b1
(b_T-b,)
) ° by

K The coefficients Al, A_, Bo are ldentified by the RLS

(]
‘fé algorithm. It is necessary to use the values of Ao' Ao'
.;‘

Bo and Equations 61 and 63 in order to solve for Kp, Tye

2 and 7,. The following set of equations solves for the

K pilot model parameters from Equations 61 and 63.
A_+ A

- =01
: a, 1 ¢ no (64a)
) A, T
2 R
_ a, 1+ ao (64b)
. +
by = T » B, (64c)
And
Kp = Io (65a) |
72 - bl (65b) i
a i
T. = =4 (65¢) |

)

4. A7, s 4 [ 3 0 4 iy W7 () [ y %y § (WY () A% 4 !
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@ The above equations are for the forward rectangular rule.
Making the substitution for 8 given by the backward

“

A = (66a)
1% b, +bT

" -a
,‘ = +
: L by + bT (66b)
‘ o

-b

B, = ;—-—1-- (66c)

7 a = 2—-1 (674)

. - —2_ (67e)

i . b. = - : (67£)
& 1 B+l

The Tustin's bilinear rule yields.

231+a'r

A, = (68a)
1 2b1 + bo'l'

k

; - 2a, +a.T
4 o 2b1 + b T
¢ L+ )
: - 2b, + b_T
“
% * 2, +bT (68¢c)
o
A_+ A

R (69b)

S L U (6sc)
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Bguation sets 64, 67, and 69 can all be related to the

pilot model parameters through equation set 65.
For the zexro order hold approximation the pilot model
of Bquation 1la is first put in the following form.

r]s +1
Ef Gp (8) = Kp T,8 + 1 (60a)
’ + 1/1’
(70a)
| “"["‘pr][s+1/r]
. (70b)
(s + b)
3: Where :L
% K = Kp T, (71a)
as= 1/71 (71b)
ng
b= 1/1'2 (71c)
The zero oxder hold approximation to cp is given by
1
Bguation 22.
ﬂ Where
& = K(5 ¢ a)
% 8 8(8 + b) (72)
B It is convenient to use partial fraction expansion
Kssa) _ 51, D2
8(8+b) 8 * s (13)
Vherxe
r, =xp (74a)
r, = x =Rl (74b)

-78=-
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The I-transform of Equation 73 |is

r,2 r,2
H(Z) = o= + A— (75)
-1 z-z3
Where
r, = exp“bf (74c)
The zero order hold approximation is given by
A,Z + A
uho(z) = Z + B (76)
o
Where
“1 =r +r, (77a)
Ab = -r, - r1t3 (77b)
BO = —23 (77(:)

The zero order hold approximation was checked by using
known values for Kp, Tye Ty and calculating Al, Ao and Bo
using Equations 71, 74 and 77. These numbers were then
compared to the numbers obtained by using the discretize
command found in MATRIX . The results are identical.
This sexves to confirm that the required Eguations 71, 74
and 77 are correct. Given ‘b' “1' and 'o from an
identification, it remains to relate these back to the
pllot model parameters. The following set of equations
will accomplish this.

- ﬁ{-;—;: (78a)

AB_ -A
.JJA
X, 1 ¢ 5, (78d)

-76¢-




' r, = -B, (78¢c)
K=1x +r, (79a)
tlln(za)
as= -T(x,+r,) (79b)
b = 12;;11 (79¢c)
Kp = Ka/b (80a)
T, = 1/a (80b)
T, = 1/b (80c)
Riscretization of Pllot Model 2
& 692(8) = Kp(l-raﬂ):—:i%
. K tlrasz t Ko(T)-75)8 ¢ Ko (81a) 1
128 + 1 !
- :232 04218 + ag
b8 + b, (81b)
Vheze
a, = -Kp T 3 (82a)
a = Kp (vry - 73) (82b)
3, " K’ (82c)
by =7, (824a)
b, = 1. (82e)




0 Pilot model 2 was discretized using the 4 methods
previously discussed. BEguation 8lb is an improper
transfer function. After discretization it is still
improper when using the forward rectangular rule,
backward rectangular rule, and the zero-order-holad
approximation.

WVhen using Tustin's bilinear rule to discretize
Bquation 81b the result is a proper discrete transfer

N function. 8ince the RLS feature of HATRIxx can only be

' used with proper discrete transfer functions this will be

the only technique used with pilot model 2. Using Tustins

bilinear rule to discretize Equation 81b yields

]
E Az? e Az ¢ a
@ o, (2) = O R (83)
,@ 2 zZ ¢+ 812 + Bo
,% Vhere
: N
TZ T o
e:l Az = 2b (3‘8)
."3 T + bo
oy
o Sa
. R {
- T + 2a°
T (84b)
‘;: T + bo
4 2a
22 .2, .,
T T o
‘b = T (84c)
T ' P
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7 E—— -~
- ~ T

B, = (84d)

B = —4——0 (84e)

The coefficients A2, Al, Ab' 81, Bo are jdentified by the
RLS algorithm. The following set of equations relates
these to the pilot model parameters.

b, = 1. (85a)
b, = T ﬁ;: + -%] (85b)
Let the common denominator of Bquation 84a through 844
equal.
A, = 321 + b, (86)

Then from Equations 84a through 84c form the following

matrix eqguation.

e, = T A, A (87a)
e, = 124, A (87b)
e, = T2 4, A, (87c)
rtz 2T 07 ;OT ;ow
2?2 0 -8 a, = |e, (88)
o ] fay] ey

-79-
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-1
o - - 2 - o -
a, T ry 4 e,
2
a, = riy 0 -8 e, (89)
2
a T -27 4 e
L24 L F ..2.

It is necesary to use the quadratic equation and Equations

82 to solve for the pilot model parameters.

Let a=1
a

b ==k

%

o c = a2
' a
i o

(3 ry=-b+ ¥/ b2 - dac
2a
i The positive value of 7, is selected in each case.

1 - T.8 T s +1
(8) = K 1 ry T, 3 re 1 (90a)
K T, T 8 ¢+ K )8 ¢+ K
t2138 + (72 + 73)8 + 1
2
a,8” ¢+ a,8 ¢+ a
. A - (90c)
b18 + bls + bo

lqi

RN, OU - + L
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L boade Sk ol 2ot

WVhere
a, = -Kp T, T3 (91c)
a, = Kp (7, - 73) (91b)
a, = Kp (91c)
l:2 =T, T3 (92a)
b, = (1, + 73) (92b)
b, =1 (92¢c)

Since EBquation 90c is a proper transfer function it is
also a proper transfer function after it is discretized.
Equation 90c is discretized using each of the 4
discretization methods. After discretization EBgquation 90c

is of the following form.
2

AZ° + AZ + A
e, (2) = <= l o (93)
4 2° + nlz + Bo
The forward rectangular rule yields
2
- I— (94a)
T hy
,2
2a a
- -—22- ’ -l
A, = I—T (94b)
e 3
,2
-.1-

RREARORYABNINROE ] 3 . 214 ’
RN B ,.',“‘", y,:a";’l 4.‘0»0_}; ‘J"iﬂ“'ﬁ‘,\.."“.( ;,\ 3 |~ I‘al.‘,‘nﬂ.‘n

.
A
..h‘.p,




The following set of equations solves for a, a,, a,, bo'

bl' b2 given 'o' 81, Ao' Al, 52'

Let the common denominator of Bguation 94a through 9%4c

equal.

b, = 1
-T(2 - B,)
b, = +sl-1)
(B, + B,

2
b -7

2 (B1 + 32 - 1)

(95a)

(95b)

(95c)




0 0 b § a

ao (4] 0 1l
a1 = |0 T -2
a, o 1

The backward rectangular rule yields

a a
-% + =k +a,
K. K.
AN D b
T T °
-Zaz ) a]
p2 T
Mt b b
-2—2+—1—+b°
T T
a2
2
A =
(] b b
-%*—L*bo
T T
-21>22_bl
B, = =T T
1 b b
-zf + -4 + b°
T T
bz
Bo " b br
ZUNLWNNY
T r
-83-

B
vt

KLU, e

- -

t. 778

»

1
’ . k1

(97)

(98)

(9%a)

(99b)

(99c)

(994d)

(99%e)
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The following set of equations solves for a3, 84, 8y,

bo, bl' b2 given 'o’ 81, Ao, 51' “2'

bo = 1.
2
Let ¢ = - Bof
2

Then bl' and b2 can be found from the matrix equation.

I B,T (B -1)
(B, +1)T (a +2) 1100)
B_-1 e
1 (101)
(al+1)r 3102 fz
Let the common denominator of Equation 99a through
99¢c equal
b b
A‘ = -% + A + bo
T T
The Bguations 99a through 99c can be solved by the
following equations.
2
&% = 4N '2
e, = A‘ “1 rz
e, = A‘ Ab T
2 v 1] fa, ., -
0 -r =2 auls I (102)
0 0 1 a, e,




- F

T 1 °o
-7 -2 01
0 ) | 02

The Tustin's bilinear rule yields

2

(103)

(104a)

(104b)

(104c)

(1044)

(104e)




I b,,

The following set of equations solves for a,, a,, a5, b,

bl' bz given ao, '1' Ao' “1' Az

bo =1

2
Let e = -7 (81 + 2)
2
e, = -7 (82 + 1)
Then b1 and b2 can be found from the following matrix
equation.
2811 C(B -2)
(105)
2(82-1)? 4(!201) b2
25 2T 4(B,-2) L
1 1 (106)
2(3 -1)? 4(8 +1) e,
(;; Let the common denominator of Equation 104a through 104c
egual
4 2b
As'—g*_L*b
T T °

The equations 104a through 104c can be solved for a ., 8,
ay from the following set of equations.

“ = T

o = T a

2
e, = T 44 A,

FEE -

pat i ;‘,“L At f.‘,?;’._‘,y‘ r [ p‘l |
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-1
2
a, T ) 27 4 e,
als 2T 0 -8 L1 (108)
02 ?2 -27T 4 °2

Por each of the discretization techniques just presented
a,r 8, bo' bz, and b2 are all related to Kp, Tyr Too
and T3 through the same set of equations. BREguations 9la
through 92f are used to solve for the pilot model
parameters once having solved for as, 24, Ay, bo' bl’ b2'
for each of the techniques. The quadratic equation is

used for solving for Ty

Kp =-a, (109)
let as=]l,
b= =4
%
a
c- 2
°
then (110)

71--b+fb2-hc
2a

the sign is chosen such that T is positive.

1'3 = tl +4 b (111)
b

. = o | (112)
2 5

The sero-oxder hold technigue is also used to discretise

Bquation 90a. When using the sero-order hold technique




. the following format is more convenient than Equation
90c.
2
o (s) =25 t 253 (113)
Py (8 + b,)(8+b,)
Vhere
a = -k A3 (114a)
2 P Ty Ty
L) Wl LI (114b)
1 P 7,
K
a = =B (l1l4c)
o T,7,
b. = - (1144)
1 T,
b. = - . (114e)
2 T
G the zero-order hold approximation to Gp is given by
4
Bquation 22 where
A 82 +a,8 ¢+a
ns) . 2 P\ o__ (115)
8 8(8 + b,)(8 ¢+ b,)
1 2
as before it is convenient to use partial fraction
expansion.
ey O, 2 I (116)
8 8 * 8+ 8+b
1 2
WVhere
. = 29— (117a)
1 l'alb2

\ % v A A . o 1 5 [ LT RN
RSN R O IR A A RO ACACRE S A R e T R T S ST AT A o T R N R Y




2

ab —ab tay
. =
2" -b, (-b, +b,)

- azbz - 0122 + a
k| -b1 (-b1 + bz)

The Z-transform of Bquation 116 is
| 2% ] £,2 2% )
(RRE = = =

-blr
Vhere I, = exp

-b,T
- 2
rg = exp

The zero-order hold approximation to Gp is
4

- (1-2"1 H(8)
it + a7t x [

this can be written in its simplest form as

2
. :zl + ‘1’ + Qn

2
I ‘1’ + Bo

Ho(®)

Where
A2 =x, tr, ¢+tr,
Ay = xy(-x,mxg) ¢ 2a(-1-xg) ¢+ Xa(-1-x,)
A, = I T, Tg ¢ Iy ¢ Ko,
B, = -r,xg

(117b)

(117¢c)

(118)

(117a)

(117e)

(119)

(120)

(121a)
(121b)
(121¢)
(1214)

(121e)

)
|
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. The zero order hold approximation for Gp was checked
4

using known values for Kp, 11, rz, 73 and calculating

“2' ‘1' Ab' 81, and 'o' These numbers were then compared
to the numbers obtained using the discretize command
found in naraxxx. The results are jdentical. This
sexrves to confirm that Equations 114, 117, and 121 are

indeed correct. Given the values of Az, “1' Ab' Bl, Bo

from identification using the RLS algorithm it remains to
zxelate these coefficients back to the pilot model

patameters. The following set of equations will F
accomplish this.

The quadratic eguation may be used to solve

e Bquations 121d and 121le simultaneously for L and L.
Let as=1
cC = Bo .
rg = - b+ / b! - 4ac (122)
2a
r,=-B, -1 (123) '

The above values of z‘ and Xy cCan be substituted
into Bguations 121a through 121c. EBquations 121a thxodgh

121c can be written in matrix form as h

o O A N s



1 1 1 £, A, (123a)
-t‘-ts -1-:5 -l-t‘ '2 = Al
t‘+ts ts t‘ :3 Ao

solving for I, I, and £, and three.

e ] [ 1 1 1™ A | b
£, 1 Az (123b)
tz = “4"5 -l-ts -1-:. “1

z3.J t‘ts ts r, Ab

. . o L o

and solving EBquations 117 yleld.

b =" ln(z')
1 T
@ b = - ln(zi)
2 T
.o = bl b2 t1
Let '1 = - 'o - bz(-b2 + bl)t3
. e, = -a - bl(-b1 + bz)r2
‘ then

B b, -b, a e,
. 2 s
b,” b1 |22 e
r
b

- -1

s 2 b e
2

aQl =P b e,

3 e

nov use Bguations 114 to relate a,, a,, a,, bl' b2

to the pilot model parameters.
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o " b b,
There are a total of nine discretizations done in this
section. BEach discretization provides equations for going
from the continuous representation of a transfer function

to its discrete representation and back. PFor G_ all 4

P
methods are used. For Gp only Tustin's bilinear rule is
2
used. For G all 4 methods are used, the coefficients

Py
to the discrete transfer functions will be determined from

the time histories obtained from the realtime
pilot-in-the-loop simulation discussed in the technical
background section. These numerical values for the
discrete pilot model coefficients will be used in
conjunction with the equations developed in this section
to determine the continuous pilot model parameters Kp, Tye
Toe and T3 Three FORTRAN programs were written for this
purpose. The accuracy of these programs were checked by
calculating the values of the discrete coefficients from
known values of Kp, Ty Toe and Ty These values of the

discrete coefficients were then used to calculate the

P A LN X d . A
BN Do O O L e O O O O e O D D O O N D O e eI




values of Kp, Ty Ty and 75 fxrom the equations developed
in this section. 1In each case the equations worked
correctly. In the cases where the quadratic equation wvas
used to evaluate a parameter only 1 solution to the
qu;d:atic equation produced the correct result. The
solution to the quadratic equation that produced the
correct result for the test case is the one that will be
used when the programs are used to solve for pilot model
parameters from discrete coefficients obtained from
applying the RLS algorithm to the realtime simulation
data.
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V. Neal Smith Theory

Neal-Smith Theory is used to predict the pilot
compensation required for a specific aircraft and
bandwidth criterion. The bandwidth criterion selected is
somewhat arbitrary. Neal-Smith Theory will be applied to
the aircraft model of Equation 1 over a range of
bandwidth. The bandwidth used in the analysis will range
from 2.5 to 4.0 radians per second. This will provide a
range of pilot model parameters to be expected from the
identifications obtained from the realtime simulation
data.

Neal-Smith theoxry is applied in the same manner as
was demonstrated in the closed-loop simulation section.
In this section it is repeated for several values of
bandwidth.

The pilot model used is given in Equation 7. The
aircraft model used is given in Equation 1. Equation 1 is
the F-15 pitch transfer function with no time delay.
Figure 28 is a Nichols Chart for the pilot/aircraft system
optimized for a bandwidth of 2.5 radians per second. The
cltclgs on the plot are spaced at intervals of .5 radians
per second. The circle that represents 2.5 radians per
second is as close as it will come to both standards of

performance. Figure 29 is a Nichols Chart for the
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‘ pilot/aircraft system optimized for a bandwidth of 3.0
radians per second. The Neal-Smith analysis is done again
for 3.5 and 4.0 radians per second. The results of all

four optimizations are presented in table 3.

“av X " i
2.5 7.0323 .1200 .01
3.0 7.4728 .1933 .01
3.5 6.6464 3571 .01
4.0 4.0417 .6252 .01

Optimal Pllot Models Calculated Over

a Range of Bandwidth Criterxion

Table 3
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Vi. 1ldentifications

Analysis
The airxcraft model longitudinal dynamics are

represented by Bquations 1 and 2. The aircrafts time

delay is represented by Equations 4, 5 and 6. Aircraft of
different time delays are modeled by multiplying Equations
4, 5 or 6 by Bqguations 1 and 2. These different aircraft
are then flown at the light bank and time histories are
generated for identification. 1In this section, 4 different
runs are examined in great detail. Table 4 describes the

ajircraft and the 1light switching segquence used for each

zun.
Light Sequence
Segment
Run A/C Time Delay (Sec) L 2 d
1 .0 4 6 8
2 .0 8 6 8
4 .1 4 6 8
S .2 8 6 8

Description of Test Runs

Table 4
Run 4 and run 5 are included for éonpa:lson with zun 1 and
zun 2. The light sequence for a particular run can be seen
by comparing the sequences in Table 4 to the light bank in
Pigure 30.




View of Ground Targets fram the Cockpit




These sequences were chosen because they approximate
a purely longitudinal task. Data for other sequences is
available but contains segments of purely lateral
switching which is not needed for ldentification of the
longitudinal pilot model. The runs described in Table 4
were chosen because alzcraft of different time delays were
flown at the same light sequences. This will allowv direct
comparison of pilot model parameters for alrcratt of
different time delay that are performing the same task.
Neal-Smith Theory predicts an increase in pilot lead and a
decrease in pilot lag when the aircraft time delay is
increased.

Runs 1 and 2 both employ the aircraft with zero time
delay. Runs 1 and 2 will be used as a basis of comparison
for Runs 4 and 5. Run 4 employs the aircraft with 100
milli-seconds of time delay and Run S5 employs the ailrcraft
with 200 milli-seconds of time delay. Run 1 and run 4
were conducted using the same light sequence. Run 2 and
zun 5 were also conducted using the same light sequence.
In order to apply the RLS algorithm it was necessary to
break the data up into 3 segments for each run. Bach
segment corresponds to the time period where the pilot is
attempting to minimize the pipper erroxs to a particular
l1ight. Bach time the light is switched a separate
identification was done on that segment of the data. The
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segments are labled 1, 2 and 3 as shown in Table 4. The
fidentification was done in this manner so that the RLS
algorithm would not be used on data with large
discontinuities in the pipper errors. Breaking up the
data into separate segments will also allow for direct
comparison of the pilot model parameter identified for a
particular segment.

An alternate method for taking into account the pilot
time delay will also be used. 8ince pilot model 1
provides no means of identifying the pilot delay, the data
streams will be shifted in time before application of the
"RLS algorithm in order to account for the delay in pilot
output. Two different pilot time delays will be examined,
T= .15 and T = .28. A pilot delay of T = .38 was also
tried but the fiterr became much greater and the values of
.21 and T, became unrealistic. PFigures 31 through 38 are
time histories of the control stick input and pipper
errors for each run. The longitudinal control stick
deflections are labled BLV and are given in milli-meters.
The longitudinal pipper errors are labled TPIPERRY and are

given in milli-radians.

Identifications
The pilot model parameters identified using pilot

model 1 with no representation for the time delay are

contained in table 5 through 10. Also contained in table

-101-
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S through 10 are the pilot model parameters identified
vhen the data streams are shifted to account for the pilot
delay. Pilot time delays of .1 seconds and .2 seconds are
represented. The identification using Pilot 2 are
contained in Table 11 and the identifications using Pilot
4 are contained in Table 12 and Table 13.

In Table S through Table 13, the following
abbreviations are used:

FRR - Porwvard rectangular rule

BRR - Backward rectangular rule

TUST - Tustin's bilinear rule

Z0H - Zero order hold
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Pilot #1 Segment #1

K
Mo data shift -+
PRR 57.96
BRR 57.96
TUST 57.96
Z0H 57.96

Data Shifted for pilot

FRR 41.49
BRR 41.49
TUST 41.49

‘E} 20H 41.49

Data shifted for pilot

PRR 22.95
BRR 22.95
TUST 22.95
Z0H 22.95

Run §1
a 2

.1607 1.6778
«1357 1.6528
.1482 1.6653
1595 1.6653

delay of .1s
.5742 1.9084
.5742 1.8834
.5617 1.8959
.5704 1.8959

delay of .2s

1.2017 3.0120
1.1767 2.9870
1.1892 2.9995
1.1967 2.9995

Table 5.
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47.24
47.24
47.24
47.24

1.88
1.88
1.88
1.88

Run #4
i §

.2607
.2357
.2482
.2587

6.1888
6.1638
6.1763
6.3090

2
1.5924
1.5674

1.5799
1.5798

-.6394
-.6644
-.6519
-.6518

Wumerical difficulty
due to the closeness

of the discrete
coefficients.

Pilot model parameters identified for Run 1 and Run 4 (Segment 1)

Prp—




Pilot #1 Segment §#2

Run §#1 Run #4
No data shift 59. :L :Z ED. :L :Z
PFRR 10.11 -.5869 371N 8.92 -.6225 .3264
BRR 10.11 -.6119 .3521 8.92 -.6475 .3014
TUST 10.11 -.5994 .3646 8.92 -.6350 .3139
ZOH ‘10.11 -.5673 .3644 8.92 -.5983 «3137

Data Shifted for pilot delay of .1ls

PRR 9.56 -.0336 «9225 11.49 .0006 .6281
BRR 9.56 -.0586 .8975 11.49 -.0244 .6031
TUST 9.56¢ -.0461 .9100 11.49 -.0119 .6156
@ 20H 9.56 -~.0331 .9100 11.49 .0005 .6156

Data shifted for pilot delay of .2s

FRR 9.26 .0457 1.1261 10.72 -.0100 .4836
BRR 9.26 .0207 1.1011 10.71 -.0350 . 4586
TUST 9.26 .0332 1.1136 10.71 -.0225 4711
ZOH 9.26 .0452 1.1136 10.71 -.0097 .4709

Pilot model parameters identified for Run 1 and Run 4 (8egment 2)
- @ Table 6.
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Pilot #1 Segment #3.

Run #1 Run #4

No data shift 52 :L :1 52 :L :Z

FRR 10.8 -.4988 .7310 9.40 -.4900 4744

BRR 10.8 -.5238 .7060 9.40 -.5150 4494

TUST 10.8 -.5113 .7185 9.40 -.5025 .4619

Z0H 10.8 -.4902 .7184 9.40 -.4770 .4618

Data Shifted for pilot delay of .1ls

PRR 14.57 -.2298 .7102 12.97 -.1493 .5365
Ci BRR , 14.57 -.2548 .6852 12.97 -.1743 .5115
| TUST 14.57 -.2423 6977 12.97 -.1618 5240
N @ ZO0H 14.57 -.22586 .6977 12.97 -.2458 .5239
Data shifted for pilot delay of .2s

FRR 14.79 -.1320 .7246 12.53 -.0780 .4873
% BRR 14.79 -.1570 .6996 12.53 -.1030 .4623
l; TUST 14.79 -.1445 .7121 12.53 -.0905 .4748

Z0H 14.79 -.1297 .7121 12.53 -.0759 4747

Pilot model parameters identified for Run 1 and Run 4 (Segment 3)
R w Table 7.
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Pilot #1 Segment §1

No data shift 52
| PRR 8.12
gi BRR 8.12
M TUST 8.12
ZOH 8.12

Data Shifted for

FRR 6.46
BRR 6.46
TUST 6.46
@ Z0H 6.46

Data shifted for

PRR 7.42
) BRR 7.42
i TUST 7.42
b ZOH 7.42

+8209
« 7959
.8084
.8319

1.4589
1.4339
1.4464
1.4758

1.5991
1.5741
1.5866
1.6147

T

-

~.9294
-.9544
-.9419
-.9418

pilot delay of .1s

-1.0776
-1.1026
-1.0901
-1.0900

pilot delay of .2s

-1.2825
-1.3071
~-1.2946
-1.2945

2.62
2.62
2.62
2.62

10.75
10.75
10.75
10.75

7.94
7.94
7.94
7.94

$5.6927
5.6677
5.6802
$.7779

-8.4349
-8.4599
~-8.4474
-6.5479

-3.9000
-3.9250
-3.9125
=-3.9311

-.8306
~-.8556
-.8431
-.8430

-.9294
-.9544
-.9419
-.9418

-1.5625
-1.5875
-1.5757
-1.5750

Pilot mode]l parameters identified for Run 2 and Run S (Segment 1)

e

FAN S
FRIRTS 2L DL N Y

A ey “.e‘,,', .i. 5

MO AT

K 3

Table 8.
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Pilot #1 Segment §2

No data shift
FRR

BRR

TUST

ZOH

12.04
12.04
12.04
12.04

Run §#2
b §
.2158
.1908

.2033
.2129

T

2

+9259
.9009
.9134
9134

Data Shifted for pilot delay of .1s

PFRR
BRR
TUST
Z0H

11.95
11.95
11.95
11.95

.3404
.3154
.3279
.3361

.9804
.9554
.9679
.9678

Data shifted for pilot delay of .2s

FRR
BRR
TUST
ZOH

11.44
11.44
11.44
11.44

.4552
.4302
.4427
<4499

1.0730
1.0480
1.0605
1.0604

R

10.75
10.75
10.75
10.75

10.65
10.65
10.65
10.65

11.15
11.15
11.15
11.15

Run #5
o §

.0666
.0416
.0541
.0657

.2419
.2169
.2294
.2395

1.3132
1.2882
1.3007
1.3078

.9615
.8365
.9490
«9490

1.2626
1.2376
1.2501
1.2501

3.04088
3.0238
3.0363
3.0363

Pilot model parameters identified for Run 2 and Run 5 (Segment 2)

N ) 3 ] o N ¥
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Table 9.
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Pilot #1 Segment §3

K
No data shift -2
FRR 37.4
BRR 37.4
TUST 37.4
ZOH 37.4

Data Shifted for pilot delay of

PFRR 18.58
BRR 18.58
TUST 18.58
Z0H 18.56

Data shifted for pilot delay of

Run §2
a
.1382
.1132

.1257
1374

1741
.1491
.1616
.1728

FRR 4.72 -1.0063
BRR 4.72 -1.0313
TUST 4.72 -1.0108
ZOH 4.72 -.9497

T

-

1.9685
1.9435
1.9560
1.9560

.18

1.6778
1.6528
1.6653
1.6653

.28

1.9380
1.9130
1.9255
1.9255

11.86
11.86
11.86
11.86

10.65
10.65
10.65
10.65

12.15
12.15
12.15
12.15

-.2245
-.2495
-.2370
-.2166

.2419
.2169
.2294
.2395

-.1272
-.1522
-.1397
-.1236

.3592
.3342
. 3467
.3425

1.2626
1.2376
1.2501
1.2501

.4424
.4214
.4339
.4338

Pllot model parameters identified for Run 2 and Run 5 (Segment 3)

Table 10.
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Pilot #2

Run #1

Sagment '} O 2 I
1l -.0080 3.3769 -0.0267 -0.0480
2 -.0316 .1388 -0.0266 .1060

F 3 -.0409 .0310 - .0274 .3991

Run #2

Sagmant o O 2 ]
1 -.0112 4.714 -0.0272 -0.0009
2 - - - -
3 -.0105 0.0359 -0.0255 0.2718

PR S
e A

-

Pilot Model parameters identified using pilot
model 2 for Run 1 and Run 2.

(Tustin's bilinear rule)
Table 11
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Pilot ¥4
Run #1

Segment §1

FRR
BRR
TUST

ZO0H
Segment #2
PRR
BRR

TUST
ZOH

Segment #3

TUST
Z0H

4.0
4.0
.1572
4.0

bﬂ

6.4
.2573

9.46
9.46
.3724
9.46

a
e 2731

.0355 4
3.3768
5.5281

a
-.1985
.1308

.0360
-.4116
.0310
-.2685

T

-2
.1190

.1837
.8923
.1060

2
.4126
.1253

.0923
.5278
.1352
.0791

hk ]
«7503
-30 3“‘
‘0.0‘00
« 7377

3
-.1263
.1860

.4670
-.0185
.3991
<4544

Pilot Model parameters identified using pilot model 4 for Rum 1

PRl |

Table 12
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O

Pilot 04

Run §#2

Segment §1

o a 2 bk}

FRR -2.2261 -.8781 -.5057 .0723

BRR -2.2281 -.0116 4.2180 -4.7015

TUST .0877 4.7141 -.4576 ~0.0009
- 20H -2.2281 .6599 .0589 -0.5181
; Segment #3
| p b | 2 hk]
. FRR - - - -
. BRR 1.7294 -.2843 .0478 -.0234
‘ e TUST .0681 .0359 -.2223 .2718
ZOH - - - -

: Pilot Model parameters identified using pilot model 4 for Run 2

Table 13
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Riscussion of Results
% The section will discuss the jidentifications of Table
: S through Table 13 and their relationship to the pilot
ratings.

Neal-Smith Theory predicts that as the aircraft time
delay increases the pilot must compensate for this by
adding more lead. Adding more lead required a higher work
i load and a higher work load leads to higher pilot ratings

on the Cooper-Harper rating scale. This wvas seen to be

the case for the aircraft flown in this test. The higher

the time delay added to the ajircraft model the worse the
ﬁ pilot ratings became. This is a well known fact in flying

qualities research and was expected.

The exact pilot model parameters predicted by

N e R

Neal-Smith were not identified. This may have been due
in part to the error bias introduced by the pointing
accuracies of the terrain board camera. This may also
have been due to the fact that the pilot's attention was
' diverted to the lateral task. However, if the pilot
model parameters identified in run 1 and run 2 are
established as a baseline of comparison for run 4 and run
5 some interesting trends can be seen. Since it is

not clear at what frequency the pilot is operating, the

lead and lag will be examined to determine trends in pilot
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QE§ compensation rather than calculate the pilot angle at some

arbitrary frequency.

L Neal-Smith Theory predicts an increase in the pilot

compensation to compensate for aircraft time delay. An

increase in pilot lead and a decrease in pilot lag will

yleld an increase in the angle of total pilot

compensation. This can be seen to be the case when

examining the pilot model parameters identified in Table

bk 5 through Table 7. Pilot model 1 is used in each case.

" The aircraft in run 1 has no delay while the alxcraft in

| zun 4 has a 100 milli-sec delay. Both are flown at the

oy same light sequence. If the values of lead and lag

‘i calculated in run 1 are used as a basis of comparison for

| (E? zun 4 it can be seen that the pllot lead increases and the

o pilot lag decreases in each of the 3 segments. It can
also be seen that the pilot lead increase and the pilot

) lag decreases when the data is shifted by .1 seconds and

£3 .2 seconds to make up for pilot delay. The fact that the

% pilot will increase lead compensation and decrease lag
compensation for an increase in the angle of total pilot

. . compensation can be seen in Table 5 through Table 7. All

discretization techniques provided similar results for

pilot model 1. No technigque appeared to be superior to
* any other.

Table 8 through Table 10 provide a similar comparison

. ﬁgb for run 2 and run 5. WVhen comparing run 2 and run 5 it can

i
i

f
.»1

i

R
K
()
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m be seen that in segment 1 and 2 the pilot lead decrease
and the pilot lag increase. This is not what is expected
; to be the case. However, segment 3 ylelds the expected
results. This cannot be explained by the Neal-Smith
Theory. It could be explained by an unusually quick gross
acquisition leaving the pilot an unusually large amount of
time to apply lag compensation for good steady state
accuracy.
g With the exception of segments 1 and 2 of runs 2 and
‘ S, Table S through Table 10 show an increase in the total
pilot angle contribution that is predicted by Neal-Smith
-g Theory.
Table 11 presents the pilot model parameters
‘Eﬁ identified for pilot model 2. The discretization
i technigues used on pilot model 2 is the Tustin's bilinear
rule. The ldentifications gave negative values for Kp
and T4 For this reason it was excluded from further
o consideration.
Table 12 and Table 13 give the pilot model parameters
identified for pilot model 3. The same problem exist as
‘ for pilot model 2. The inaccuracies in T3e the pilot
i; delay exclude the model from further consideration.

Rilot Comments

Pilot comments and Cooper-Harper ratings were

recorded during testing. Runs 1 and 2 were flown using
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the aircraft with zero time delay. The pilot describe the
ajircraft with zero time delay as follows.

%,...did not use roll much, slight pitch bobble

in fine tracking, it gets a pilot rating of 3
in pitch and a level 1 all around..." [(12)
The pilot gave the aircraft with zero time delay a
Copper-Harper rating of three which is from Figure 2,
level 1 £flying qualities.

After flying a few runs with the aircraft with a time
delay of 100 milli-seconds the pilot was asked to give his
ratings. His response was:

* gross acquisition acceptable, fine tracking

is annoying...it gets a pilot rating of 5 in

both axis..." (12)

From Figure (2) it can be seen that a Copper-Harper rating
of 5 corresponds to level 2 flying qualities.

The ajircraft with a time delay of 200 milli-seconds
was flown and received the following pilot comments.

"...definitely has problems, unpredictable,

pilot rating of 7 in pitch, same problem as

before, small bobble not really a pilot

induced oscillation..."[12]

A Cooper-Harper rating of 7 corresponds to level 3 flying
qualities.

One may conclude from the pilot comments that the
aircraft flown in run 1 and run 2 is a level 1 alrcraft.

The aircraft flown in run 4 is a level 2 airxcraft and the

alrcratt flown in zun S5 is a level 3 alrcraft.
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Viil. Conclusions and Recommendations

Conclusjions

Neal-Smith Theory accurately predicts the increase in
pllot compensation for aircraft of increasing time delay.
This was seen by comparison of run 1 to run 4 and run 2 to
run 5. Pilot model 1 provided the most accurate results.
Modeling of the pilot time delay proved to be difficult
and unnecessary. Inaccuracies in the pllot delay
fdentified will throw off the other terms in the
ldeﬁlltlcatlon. Shifting the data is the best way to
eliminate pilot delay from the data. For low order
transfer functions all methods of discretization provided
similar results although the frequency domain plots
indicate that Tustin's bilinear rule was the best.
Therefore, the simplest method could be used without any

loss in accuracy.

Recommendations
One well known method of discretization pole-zero
mapping was not attempted in this work. The pole-zero
mapping technique maps a pole or zero in the S-plane
dizectly into the Z-plane. This wmethod could be used and
compared to the results obtained by the other methods.
The data used for the identifications in this work

was not obtained for a purely longitudinal task. The

-124-

N ‘ . . . ,
S TR T N T LTt SO S T TR DR ST R BT S o ORI PN S X IO RN B ok RN A



pilots attention was inevitably diverted from time to time

on minimizing lateral pipper errors. The longitudinal
pipper errors are never completely zero. This was not taken
into account in this work. Lateral pilot dynamics should

be taken into account. There is a need to determine when
the pilots attention becomes diverted to the lateral task.

Since the human pilot is inconsistent a statistical
approach could be taken were the parameters are averaged
over many runs where the pilot is flying the same task.

It would also be helpful to know the sensitivity of
the RLS algoritha to noise and pilot remnants when trying
to identify the pilot delay. A closed loop simulation
could be used to generate synthetic data for this purpose.

Hntxixx cannot identify an lmproper transfer
function. This made the use of a lead only pilot model
impossible. Purther investigation into the lead only
pilot model could be useful.
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‘ Appendix A
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e SIMULATION PROGRAM IDENT

-127-




‘RH

Ve
s

:‘.‘.“..;.. .@

o

RO

&

Ch
' ®

W
o

P
[ =]

-
PO

*LOGICAL FIRST

PRKCGRAM IDENT

OIMENSIUON THETAC(021109)95(~121100)4DELP(~-221100),THETA(-321100),
EBIASC021100)y DELPRC021100)4PS51(3,1100)

INITIALIZAY]

E(-1)= 0.
DeLP(=-2)=0.
DeELP(-1)=0.
TneTA(-3)=C.
TreTA(=-2)=C.
THETA(=-1)=C.

Du 30 J=1,:

3N

Ou 3C 1=1,1100

P31Cisud=2,
CCNTINLE

LG 1C 1=0,11
£e(id= Q.
EBIAS(CId=0.
DelP(li=v.
veELPR(12=30.
TriTa(Id=C.
TAcTAC(I)=
CUNTLUL:

~
“e

ST InNFUT VARIZ:ZLE

vJd 11 J=0yll
1F(J.ots 03
IFCJevte £
IFC(JecEalCC
1F(Jevtal7C
IF(JeGEel38
IFC(Jevzeld3C
IF(Jevte20(
IF(Jebza34C
IFCJeGzoatl(
IF(J-G;.“ZC
IF{JeStebal
I1FCJobra5CC
IFCJeGELSSC
I‘(J.Gi.ivc
IFCJeGEL41C
1F(Jevzeb3C
IF(J.Geo72C
IF(JevELT7C
1F(J.GE.880
IF(J.GE.91C
IFC(JeGEL96C
IFC(JeGE.980

IF(JeGE.10C0.ANC.JLT,.1010)
IFCJeGEV1010.ANCeJaLTL1020)

Q¢

J9
eANTeJelTeE
eANT o JelLTW100
eENJeJoLT.1T70
sANL o JolTa160
eEkNCeJolTL239
eANZeJolTL200
eANDeJoLT,240
oANDoJOLT.‘lO
ehNJeJelTo620
eANT s JolT,4490
eANDeJeLT.500
sAND e JobLTe 340
eANDsJelT.520
eANLeJebL T 410
eANT oJL T 620

THETAC(J)=
THETACCJ)=
THETACCI)=
THETAC(CJ) =
THETAC(CJ)=
THETAC(CJ)=
THETACCJY)=
TRETAC(I) =
THETACCJ)=
THETAC(CJ)=
THETACCI) =
THETAC(CJ)=
THETACCJ)=
THETACCJ)=
THETAC(CJI)=

(PRSI E A A AVAT BV EAESEVYAVACACAVEAVAWRVAYAY A

eANUeJelLTo720 THETAC(J)=
eANDeJelTLT70 THETAC(J)=
eANDeJoLT.830D THETAC(J)=
eANCeJ.LT.910 THETAC( )=
eANCoeJelT.960 THETACCS)=
eANCU eJelT.580 THETAC(J)=
eANCeJoLT.1000) THETACCJI)=

THETAC(CJS) =

THETAC(J)=

IFC(JeGE.1020)

CCNTINUE

CALCULATE CCEFFICIENTS FOR THE OPTIMUM PILCY MODEL

AR
S

THETAC(J)=
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TALE o1

TALLAG = o3
TAU1=,1533
TAL2=.01
TaL3sTAULAG/Z2.
RKF=T7.6728 J
RKF8.2962

DENOM = ( TAUZ *

AG =
Al
A2
Bu

sl

DINOMZ =

AL0= ( AR2/7CTAURTAU) « A1/TAU + AQ )/ZDENOM2
Adlzs ( =2.%Aac/(TAusTAY) - 81/TAU )/CENCM?
Ad2= ( A2/7(TAUxTay) H/DENOM2

ptl=s ( Ce/7(TAUZTAU) + B1/TAL )/DENCHM2
862= (=1./(TAU2TAL) D/TENCV2

PrInT CUT CC:-FFICIENTS FOC PILCTY MODEL
PRINT 390 0

PRINT u9'TEy = ',T724

PRINT %,°TAULY = t,T2Ul

PRLNT %9%TAUE = ',TAU2

PRINT #,°T2y3 = *,7aU2

PRiNT %9 'wKb s P yRKP

PEINT =4%aC = ',A°0

PRINT 5%9%201 = ',21

PRINT =yt%4iQ = ',L2

PRINT mg9:¢ = 1,:z0

PRINT %4021 x ',831

PrIinT g %uuyd = 4400

PRINT %y%at1 = ',0a1

PRINT 29%R82 = Y4842

PRINT %,'881 = *,°¢1

PRINT 4%z s t,£22

PRINT %9% 0

TaU3 )

RKP/DENTHM

RKP % ( TAUl - TAaU2 ) / DENCM
-RKP % ( TaUl = Teu? ) /7 CENCY
le/sCNCH

C TauZ + T4U2 ) 7/ LCENCw

C 1e/7CTAUXTAYY ¢ B1/TAU + 80 )

CALCULATE CCZFFICIENTS FOP TwE ATRCRAFT MOCEL

RMYTL14CH=2,C33537
RINCRTNMEZ2E &

C0=23.0

Cl=3,0

Cesée2
DO021e13T768RINCHTMNM
D12,9483RINCHTMM

DENGMs (1./7TAauxx3,
€CCl=z =( «3,/7Tal%%x2,
CC2= = 3.7T7TAyzx3, ¢ C2/77aUux%%n2,
CCa=  ( 1./7TAUZ%3, )/DENDM

+ C2/778Lx%%2. ¢ CL/TAU ¢ CO )
~2.%C2/TAU%%2, =C1/TAU )/DENOM
)/DENCM
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1011

e » O

(aX g/

1010

~
©

Y

".aénano

D00s ( DI/TAU ¢ DO )/DENOM
DUls ( =Jl/7Tal D/ZUENDM

PRINT CUT CC=FFICIENTS FC0% THZ AIRCRASY MOCEL

PRINT %,% ¢

PRINT %,°CC = 0,(C0
PRINT %,o°C1 = ',(C1
PRINT %,y9C2 s *,(C
PRINT %,°0C z V1,00
PRINT "'01 = ',
PrINT %45°CC1 = ' ,CCY
PRINT %,°CC2 = *,(C2
PRINT %9%CC3 = *,(C3
PRINT %420 = 9,000
PRINT =mp*l¢ = ',(L1

PRINT x4 ¢
OPeN FILES =08 24TA STCRAGE

OPeNCIsFILE="E 4t ySTATYS=INEW?)
CPLH(3gFiLE=t LI LFatySTATUS='NENWY)
OPENCL o ILEC=CUTLLT*,STATUS=0NEYS)
wWriTc(eplilc)
WRITe(4415013)
WRiTE(eyplolid)
FOIMAT(1X,y !
FURSAT( (X, ¢
OPERATE LCCP
FikdT=z.T2Lz,
03 20 K=1,1129

elK)=Tra12l(n)=TFr T3(%=1)

CelPN )= 200 LR (Y=2)+2 120 FLP(X=-1)

e2aln(K=g)eABIuF(K=1)+8R0%E(K)

L=2zLs(«~-1)

Calt *1-(uyreflasT)

TH:Ta(K)=Y

FLF(TE0) Y SXyPIELRCIN) "95Xy* THETA(CDEG)

95X

PRINT %9tz 2 L. LP=z oTHzTR= VLE(K)yLELP(K) THETA(K),THETACCK)

WRITzC(eglOLI)Z(R)POELPC(K) 4 THETA(K)ZTHETACCK)
FORMATCIP g1 ca@pSXgF12,495X9F12.495XyF12.5)
EALT2C2910100(X)
wRlT2(3901018)0clE(R)
PUnMaT(z16,0)

CUNT LWL

CLodeCl)
CLCsEC)

ENC

SUSBROUTINE F15CUsY9FIRST)
DIFENSION AT(392)58TC2)4CTC2)yXT(3)yXTOCI)
LUGICAL FIRST

IFCEFIRSTITHEN
FIkST=s,FALSE,
ATClpl)ds o599
AT(1,2)=,065¢
AT(193)3.0Ces
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AT(2,1)=0.
AT(C92)3=05013
AT(243)=.0E0%
aT(3,1)=0.
AT(392)3-,7240
AT(393)2.6c35

87(1)2.00016777
57C(2)2,00432000¢C
2T(3)=,080400,2

CTC1I22,1376 xcSes
CTC(2)2.945C == 244
CT¢3l= C.

Tul1d=0.
XTCC2y=3J.
XTU(3)=y.

CUNTING L

Ul 10 isl,:

DO 1% J=z1,:2
TarrsaTClod)uXTI(D)
ATCI)=XT(I)+T=0 ¢

CONTIwl:
XTCI)=XTCI)4-TCIdx

COnTINL:

Ya(o

DO 20 I=1,:
XTUCId=sxT(I)
YT=2CT(I)%x1(CI)
Y=Y+YT

CONT InU:Z

RETURN
'
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00030
0.0000
0.0C30
0.0000
0.030v
03000
0.C000
0.0000
C.0000
Ue0C030
03300
D.0CC0C
CoaUOb
b-..vCO
GeC23°
0e.ClCT
Osd0c?
QelCT Ul
Veluiu
0.0C00
JQeCuus
0.00230
0e0l0v
0.0C0C0
0e30C3C
0.0C00

eCulv
0.0CCV
0.00G0
0.CC0v
0.0000
D.0092
OOJOOQ
0.0000
OOQQOO
0eo0C0Cw
0eCulu
0.0000
0.0C002
0.0C20
QeGoCu
0.0C020
0.C000
0.02009
0.0C0v
0.0000
0.00C0
0.0000
0.0000
-1.0000
-1.0000
=-1.0170
=0.5796
-009510
’009233
=0.5045
'008455

LaLPCIND

0.0330
€.0020
0.0300
€.0032
J40020
33,0290
C.C220
Je2022
C.022¢0
t.009n0
0.0%202
€.02922
2.023290
C.0000
0332
MO
Cen202

«0300
‘.Ul
Cal!

Ca02
20

el

5.
9400,
220220
240220

0.0200
0.0020
S.0NN
o ,J\‘\
0020
0.0000
.£320
GeCCIV
2.0020
c.0200
De0002
Ced233
0.02090
00300
0.0200C
ueCJ30
0.02300
00020
Ce322C
0.0000
0.0000
0.0020
0.0029
0.0009
Cel559
-0.303%2
-0.3262
-0.3243%
-0.,27619
-0e2912
=-062776
=-0.2439

Cor G 1D T
€D €D Cr Dy

THETA(CDEG)

0.0000
¢.0000
c.00C0
0.00C0
0.0000
0.0000
2.0000
0.0000
0.00C2
0.0000
0.0000
0.0000
0.000C90
0.0000
0.000C
c.00C0
€.0000
0.0000
0.0000
0.0000
0.0000
0.0000
C.0000
0.0000
0.0000
0.0000
0.0000
0.2900
0.0000
t.0000
0.0000
0.C0C0O
0.000C0
0.0000
0.0000
C.0000
€.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
t.00CC
0.00C0
0.00C0
0.0000
0.0000
0.0000
0.0000
0.0170
-0.0204
-000490
'000762
'00095‘
-0.1145
-0.1263

THETAC ( DEC)

0.00000
0.00000
€.00000
¢.00000
€.00000
t.00000
C.00000
C.00000
€C.00000
0.00000
c.00000
c.00000
0.00000
C.00000
C.00000
c.00000
€.00000
0.00000
C.00000
0.00000
C.00000
0.00000
0.00000
c.00000
€.00000
€.00000
C.00000
c.09%000
C.00000
C.00000
C.00000
0.00000
€C.00000
0.00000
€.00000
0.00000
0.00000
0.00000
€.00000
c.00000
€.00000
c.00000
c.00000
C.00000
C.00000
0.00000
C.00000
C.00000
0.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
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-0.8707 =-Ne262°% -0.1455 -1.00000
=0.8545 ~Je2577 -0.1591 -1.00000
-0.84069 ~0e2522 «“0.1743 -1.00000
=-0.8257 =0e24506 -0.18%74 -1.00000
-0.6126 -0.2435 -0.2020 -1.00000
~0e7380 =-0.239¢ -0.2147 -1.00000
-0e7853 -0.2353 -0.2288 -1.00000
-0.7712 -0e2217 =0.2612 -1.00000
-0.7588 =042274 -0.2547 -1.00000
-0.7453 =Ce2235 -0.26¢8 -1.00000
-007332 °Oo:197 -0027G7 -1000000
-007203 ~0e21¢: -00291‘ -1000000
-0.7086 =0.2124 ~0.3029 -1.,00000
=0e5251 -C.20290 ~-0.3153 -1.00000
=0e€3547 -0,2052 -0.32273 -1.00000
-0.t727 ~ye2020 -0.3383 -1.00000
-0.63517 ~0e1934 -0.3468 -1.00000
-0et202 -Jel19%2 -N.36C5 -1.00000
~0.8335 -0.1517 -0,371% -1.00000
Sl R - -iL.198¢ -0.3820 -1.00000
-0.€128C -2.1723 -0.3927 -1.00000
-Jde5J73 -Celrc? -0.4028 -1.00000
-0.5:72 ~0e17212 -0.4121 -1.00000
=0e5203 =041762 ~0.,4228 -1.,00000
-0.5772 -C.17212 -D.6327 -1.00000
~0ef013 =Ce173523 -0.4421 -1.00000
=-0e3379 -0.1473 -0.6517 -1.00000
=Qecazs =Jdelflas -N.4608 -1.00000
-0.5332 -C.1517 -0.47C0 -1.00000
=0e3500 =Je13%2 -0.4758 -1.000C0
-0.521¢ -Ge1fe2 -0.4877 -1.00000
=-0e5123 =JelFET7 ~0e4963 -1.00000
-0.5027 -Ce1311 -0.5048 -1.00000
-0e435¢ ~Delert -0.5121 -1.00000
=0ebdE7 -Cel145C -0.5214 -1.00000
=Qe47c: ~Jel&zs -0.5283 -1.00000
=04707 -0.1412 -0.5373 -1.00000
“JVedzg7 -Ce22%2 -0.5450 -1000000
=Je4:50 -0e1244 -N.5527 -1000000
=0e4a7s “Cel2a2 -0.5602 -1.00000
“Qe0335 -De12173 -0.557¢ -1.00000
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2.93¢€1
29386
29390
2.9395
2.9399
29404
2.9408
29612
296416
209420
249424
29428

3.00000
3.00000
3.00000
2.00000
3.00000
2.00000
2.00000
3.00000
2.00000
3.00000
2.00000
2.00000
2.00000
3.00000
3.00000
2.00000
3.00000
3.00000
3.00000
2.00000
2.00000
2.00000
2.00000
3.00000
2.00000
2.00000
2.00000
2.00000
2.00000
2.00000
2.00000
2.00000
2.00000
2.00000
3.00000
3.00000
2.00000
3.00000
3.00000
3.00000
3.00000
2.00000
2.00000
2.00000
2.00000
3.00000
2.00000
2.00000
2.00000
3.00000
3.00000
32.00000
2.00000
3.00000
3.00000
3.00000
3.00000
3.00000
3.00000
3.00000
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0.0572
0e0568
Q.05¢4
040551
0.05857
0.05¢53
0.05350
0.0546
0.0563
0.0539
D.C536
0.0533
0.0530
Qe035327
C.0523
0.0521
0.0517
0.0513
0.C>51¢
ve0503
0.0506
00503
D.C521
Velwsz
0eC495
Qelasd
0.0430
0eCorx:
0.0456
Qelec>
Delacti
00C-075
DeCels
Qevelew
DeC& 72
delaT2
Delwcs
000'050
0.006€4
QeCune
0.0460
000*5.';
leU&5¢
leCens
1.06¢22
l.0¢es
03755
De36és
Je9491
Devc93
0.5149
0.8985
CeE848
0.8694
D.8562
O.5414
0.82d85
VS
0.6013
067332

0.0170
0«Cl1le?
0.0167
0.VU1l06
0.0156%
N.C1l64
C.0163
Ced182
0.01%1
a0

Je.2144
vell4s
0001’3
cells2
Jedlé2
Ue01141
Tedla?
C.02¢9
Je012%
D.0122
Jel12¢
30137
Gel137
0.013¢
Je013%
2e1624

C.3222

De3238

‘De3al®

c.3201
Je3las
0.2%10
0.2:320
0.2755
0.2707
0.2652
0.2612
.25¢64
0.2527
0.2481
0.244°¢
0.2401
Co2365
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296422
249426
2.9439
249463
209447
2.9450
2.945%4
249457
2.9461
2.94€4
2.94€7
209470
2.9473
29477
249479
29423
209485
2.96478
2.94¢51
2. 3654
209457
294899
2.9502
2.9506
2.95C7
249510
2.9512
249514
2.9517
2.9519
2.9521
2.9524
2.95c¢
2.952¢8
2.9520
2.9532
29524
29534
2.9528
249540
209562
23544
29545
249378
209754
3.0042
2.0315
3.0509
3.07C1
3.02351
3.1015
3.1152
3.13Ce¢
3.16428
3.1586
2.1715
3.1856
3.1982
2.2118
3.2241

2.00000
2.00000
3.00000
3.00000
3,00000
3.00000
2.00000
2.00000
2.00000
3.00000
3.00000
3.00000
3.00000
3.00000
2.00000
2.00000
3.00000
2.00000
2.00000
3.00000
3.00000
3.00000
3.00000
2.00000
3.00000
3.00000
3.00000
2.00000
3.00000
3.00000
3.00000
2.00000
3.00000
3.00000
3.00000
2.00000
3.00000
3.00000
2.00000
2.00000
3.00000
2.00000
4.00000
4.00000
4.00000
4.00000
4.00000
4.00000
4.00000
4.00000
4.00000
4.00000
6.00000
4.00000
4.00000
4.00000
4.00000
4.00000
4.00000
4.00000
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Dtk

1

0.2759

D.7629

0.7510

0.7334

0.7269

0.7143

0.7036

0.6920

0.6811

0.6699

0.6594

0.8680
-443615
~4e3713
bt
“0.23‘27
~4el1562
=4.C0:Ji1
~3.9430
~3.EcTe
~3.7321
=371 9>
-3.6007
=~3.8353,
=-3.5351
~5.4715¢
-3.41%3
~363227
~3.2334%
=3ec33
~3.15%3
~3412737
~-3.0735
=-3.022¢
~2e9733
~2e3¢U0n
-24572V
=2.ccll
=2e1762
~Zelcisc
-2.€797
-let3i3
~lefr 36
~2e2430
~245003
=~2.4520
-2s%158¢
-2631751
~243330
20232«
242537
=2.2145
-241770
-201392
'201030
-2.0665
-2.0315
=1.3963
=1.5624
«le%920¢

0.2324
0.2229
0.2249
0.221%
0.2177
Gellad
0.2107
0.2075
g.2040C
0.20C¢
t.1975
Jel5s5
Je9757
-1e325¢
=l.44%%
-lee£01
=1.2547
'1.:795
-1.213¢
-1017:5
b I L
'101230
~l.05¢%4
-1.,0%13
-1.029?
-1.043¢
-1.,023%
-1.00°1

-De7244
-0eT124
=0.69%9%8
-0.6£32
=C.t740
~Deb56E
-0.6521
-0.6421
-0.6309
0608202
-0.6094
=Ce5992
-0.5887
-0.,5739

b

3.2371
3.2450
2.2616
3.2721
3.2852
3.29¢4
3.30€60
3.3189
3.3301
3.3406
2.3514
2.3615
3.3719
3.4668
3.2897
3.15¢2
2.0301
2.9420
2.8572
2.7921
2.7199
2.65C7
2.5923
2.5361
24716
2.4158
2.3537
2.29%¢4
2.2298
2.18¢€¢9
201297
2.07€3
2.0232
1.9723
1.9204
1.8720
1.8211
1.7742
1.7252
1.6757
1.6325
i.5564
1.5420
1.50C3
1.4566
l.6152
1.3721
1.3330
1.2924
1.2537
1.2145
1.1770
1.1392
1.1030
1.06¢€5
1.0315
0.9963
0.9524
0.9285
0.8958

4,00000

4.00000

4.00000

4.00000

4.00000

4.00000

4.00000

4.00000

4.00000

4%.00000

4.00000

4.00000
-1,00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
=1.00000
-1.00000
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-1.8958
=1.8630
=-2.3313
'202596
-2.2776
-202255
-2e1846
~2.1416
-241033
-20065‘
=2.0304
'1.99‘9
-1.9514
“lewc?s
‘1.5369
-lefocl
-1.6302
=-1le7951

SR ED
-1.7437
-l.71%:
=1.¢63207
-let 515
-105337
=1l.60%¢
-1.5737
-le52153
05435
-00‘1;3
-0.4571
Qo093
-0.4736
~0.6163
-0.4721
“0es4670
~0.4596
-0.4532

0.0553

0.0619

0.0786

0.0666

0.0599

0.0527

0.0505

0.067¢

-0.5657
-0e5592
~Ce&T10
=0 eéS45
=-0.6939
-0.c861
06582
-0eé4S7
-0063‘3
=JerllS
=C.h0SSE
-0.5322
=0 ef3¥5
-CQE757
~Z.E4R%%

=0e6144
-Celéil
-C.11¢¢
~0e1982
-C.1274
~0.1230
-0.1250
=0e1361
=Cel24¢
=0.1347
-J.2112
0.023¢
0.033¢
0.057¢
0.0225
0.0232
.02
0.016F

0.86320
0.8313
0.7958
0.7776
0.7285
0.6846
0.6416
0.6021
N.56%4
0.530¢
0.4949
0.6614
0.4273
0.39459
0.3521
0.3308
0.2951
0.26828
0.2382
0.2089
0.1765
C.1511
0.1227
0.1028
0.05756
0.01¢8
-0.0222
-0.05%95
-000935
-0.1257
-0.15€5
-0.1392
-0.22C6
-0.25C3
-0.23C5
-C.3092
-0.33E5
-0.36%3
‘003964
'0.‘213
-D.44RS
-0,674%
-N.5007
-005‘29
-0.53C7
=0.52¢€4
-0.5227
-0.5279
’00532‘
-OIS‘O‘
-0.,56¢£8
~0.5553
-Ce5619
~0.5TE6
-0.56€4
~-C.5599
-0.5527
-0.5505
-0.56472
~0.5669

-1,00000
-1,00000
-1.50000
-1.50000
-1.50000
-1.50000
-1.50000
-1.50000
-1.50000
-1.50000
-1.50000
-1.50000
-1.50000
-1.50000
-1.50000
~1.50000
-1.50000
-1.,50000
-1.50000
-1.50000
-1,50000
-1.50000
-2.00000
-2.00000
-2.00000
-2.00000
-2.00000
-2.00000
-2,00000
-2.00000
-2.00000
-2.00000
-2.00000
-2.00000
-2.00000
-2.00000
-2.00000
~2.00000
-2.00000
-2.00000
-2,00000
-2.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-1.00000
-0.50000
-C.50000
-0.50000
-C.50000
-0.50000
-0.50000
-0.50000
-0.50000
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0.0463
QeCussd
0.5448
0eS63l
D.8516
053212
0.5169
0.5019
0.0921
0.4812
0.4736
Qe6842
0.4571
Oetteze
0eb4ls
Qee33<
04264
0.4lde
De4lls
Debuer
03577
0edvus
0.3341
0e2771
0.27809
Qesiwl
0.3582
Oe331c
0.335;
De2341
0e325¢
0.3227
0.2172
0.2217
O0e3dci
0.301°
Vel2237
062507
De2203c
0.230¢%
02755
0.2712
Celote
0.2619
0e2573
0,2530
Qeldét>
De2442
02400
0.2360
0.2318
0.2279
0.2239
0.2201
0.2163
0.2126
0.2083
0.2053
0.2017

0.C145
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Uela02
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0.0672
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Ce0522
0.0627
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-0,56448
-OQS“B
-005‘31
-0.5516
-0.5313
-0.51¢9
-0.5019
-0.,4921
-00‘812
-0.,46726
-0.4642
~N.6571
-0.4415
-0,4322
-0.42¢4
-D,4184
-0,4062
-0.2977
-0.3904
°°.38‘1
-0.?771
-C2709
-N.2542
~-0.3382
-0.3518
~Je34E€0
-0.336%
-0.3341
"0.32“.2
-0.3227
-0.3170
-0.3117
-0.30€1
-0.3010
-0.2957
~0,2507
~-0,295¢
-0,2808
-0.2758
-0.2712
-0.26¢€4
-0.2619
-0.2573
-N.,2530
-0.2485
=0s2643
-0.,26400
-0.2360
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-0.2279
-0.2229
-0.2201
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.000C0
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0.00000
€.00000
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0.00000
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Deldz2
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-0.1948
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-N.1882
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°0o1818
-D.17E5
‘001755
-0.172¢%
-0.1666
-001666
-0.1538
-0.1509
-0.1582
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-C.1501
-0.,1475
-D.16450
-C0.1425
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202

PRCGRAM BaSsc

LOGICAL FIRST,CELAY
CHARACTER*®E ANSWER

WRITE(%,201)
FORMATCLIX, *PILGT NLM3IEZR (S919242944N0")

READ (%9202)9ANSAER ]
FORMAT(AS) !

AZlebb45 1
B=7.472%
C=.01

" "
LR

3

[ I ]
a0
]

L]
-0 R K A B < B
MO MINIIW MO N,

MOV T MO0 NGO
] L]

‘Tt OCwo wa 3 P P
TR LU OO0 3. ) 3 )

%

"
»

RTCZu32T7e3
FIRST=.TRUZ,

UPEN(29F 1
WRITE(C2,1
WRITz(2,1

'eASTLCATANySTOTUS=YLILETY)

DO 100 I=1s130

X3=1l/10.

FRHI=Z%X]
FHIJ=PRIZ&T L
CP=CCS(FrRD)
sP=SINCPPL)

LENOMs CZCXCxXI42%0

IFCANSWERSZSL'3') THEN
IFCRIRSTInalT2(5,y301)
FORMATC(LX g 2 ASELINCY)

XR8CCAC=2C)uX0%5F+ (ACHXCHXC+SDIRCPI/ZTENCY
XIs(CAC=EC)=#XI#CP=(ACRXTNXT+ED)IHEP)/CENDY

XMGTa3 R TOXR®Z2e¢+XAL1%N20)
XPHT=ATAN2(XIygXR)

GOTO «01




ELSE IFCANSWER.EC.'1%) TrEN
IFCFIRSTIWRITE(*x9302)
302 FORMATCLX,'PILAT 1)

XRN=§8

’ XIN=A%X0

XR0=0
XI0=CxXQ

ELSE IF(ANSwCRGELL'2') TrEN
: IFCFIRSTIWRITE(%9303)
303 FORMATCLX, "PILIT &%)

XRNs(CaEsXgxXCe8)
XIN=CA=3%2):2X0

-
(JR W
"M
OO

X
X il E
ELSE IFCANSWERGECS'3Y) TrizN
IFCRIRSTIWRITE(:29304)
304 FOSMAT{LlXxe'PILCT 3V)

XRN=8
XIN=ARXS

'C :-K':‘-‘ 0
LR ¢

X b
X (C+

N
(S
"o
Coan
) X

ELSE Ichﬂ)ﬂfkci:o'“.) TFEN L
@ IFCRIRSTIMNITCE(:4205)
2 FIRKAATCLIX 9P IL3T &)

B XANSLERXLHXI+3
; XIN=(A=2F)uXD

XRS=s0=FCHEXTxXY
XIiC=(C+CF) =Xl

' ELSE 15(2ndShzTefcat™) Th:N
. IFCFIRSTY TN
, WRITE(%y300)
306 FORMATCLX, *HICHOLS PLOT CaTaAY)
CELAY=,TrUZ,
ENC IE
SPTIMUM PILCT M{T:ZL AT Cm:

A = 2

(4]

XKN =13349%5 m XTxXC ¢ 20,1
XIN 2 cTle7 = XJ

XRD 2 MR uXiuXl = 2%,wA02X0
x1D 0w e2u X 2XTuX0 ¢ S35,9%7

BASELINE AIRCRAFT ANC TIwZ (SLAY

XRN 3 1,137¢
XIN = 4%943%XQ

ta‘l'rw a0 o000 o
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< XRD = =4 2uX0xX(C
c XID = P%X0 = XCaxX0x%:X3J
o QPTIMUM PILGOT MCOEL av :MEGA
RNG = 5504
RNl = =C3.2 P
RN2 = 2:oe¥
RD4 = 1.
RO3 = 1C4.2
RDZ 2 4L¢9.1
RDB1 = 8%537.3
XKRN = KND = KN2%XJxXJ
XIN = KMl ==Xx3
XRD = XC=ké = RT2uXCusk2
XI0 = RCOL1uXT = RO2=XQ%%3
END iF
XAGTN = 34T ( XPAux2oeXIN%2)
XPHTN = oTAaM2(XINgXKN)
XPRNS = XP=TAxRTLZG
XASTS = SURT{ YaTu2,eX10%%2)
XP2m=TC = &T4 2¢(XICyXRC)
APEJu = AxpmTlniTlsh
- X4uT= X?E?%/XﬁiTt
e XFr#uT= SETH = XPERTD
IFrCCS AY) X3=mT2xeuT=-r=]

- te

Yooy

T2)v.2X

xln

pRaSE (O

4901 CunTIiLE
IFCFIRST) =21°93T=,FaLss,
XrezsTeal sl OCXNECET)
XPraXemTaxThcys
IFCANINZ ez et MY )TN
15 (XPreusTede) XPr=XPHR~360,
gEnd 17
WRIT2(29103) XJeXMOogXFHyXEN, XINg XPWNCyXRE
wITz( ’1131) X2gXMG g XF™H

100 CINTINUE
tLdsde(d

1901 FOIMATCTX Y CHeGah '95X,y' MBS

02 Xg? AIN ValdgV NMNUN V,2Xe? A5

192 FORMAT(LX95F16464)

135 PORAATCLX 9 10F12el)

133 FCRAATCIX)

o XI g XP=20,Pr10

12Xy
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0.0000
0.1000
0.2000
0.3000
0.4000
0.5000
0.6000
0.7000
0.8000
0.9000
1.0000
1.1000
1.2000
1.3000.
1.4000
1.5000
1.6000
1.7000
1.8000
1.9000
2.0000
2.1000
22000
2.3000
2.6000
2.5000
2.6000
2.7000
2.8000
2.9000
3.0000
3.1000
3.2000
3.3000
3.4000
3.5000
3.6000
3.7000
3.8000
3.9000
4.0000
4.1000
4.2000
4.3000
6.4000
4.5000
4.6000
4.7000
4.8000
4.9000
3.0000
$5.1000
5.2000
$.3000
$5.4000
5.5000
5.6000
$.7000

MAGNITUDE (D®)

17.4697
17,4713
1T.4761
17.4842
17.4955
17.5099
17.5275
17.5483
17.5720
17.5988
17.6285
17.6612
17.6966
17.7349
17.7758
17.8193
17.8653
17.9138
17.9646
18.0176
18.0729
18.1302
18.1895
18.2507
18.3137
18,3785
18.4448
16.5127
18.5821
18.6528
18,7248
18.7979
18.8723
18.9476
19.0239
19.1011
19.1791
19.2579
19.3374
19.4174
19.4981
19.5792
19.6608
19.7628
19.8251
19.9077
19.9906
20.0737
20.1569
20,2402
20.3237
20.4072
20.4907
20,5742
20.6576
20.7410
20.82642
20.9074

0.0000
-0.6688
-1.338S
-2.0098
-2.6838
-3.3606
“00‘17
-6.7276
-5.4191
-6.1169
-6.8218
~T7.5343
-8.2552
~3.9850
-9.T72643

«10.46736
-11.2336
-12.0045
-12.7870
-13.5812
-14,3877
-15.2067
‘1600385
-16.8833
-17.7415
~-18.6130
-19.4982
-20.3971
-21.3097
-22.2363
-23.1767
-264.1310
-25.0992
-26.0813
-27.0771
-28.0867
-29.1099
=30.1466
=31.1968
-32.2602
-33.3367
-3‘.‘261
-35.5284
-3606‘33
-37.7706
-38.9102
-40.0619
-41.225¢4
-‘20‘006
“3.5‘73
-“07052
-45.9942
-‘102“0
48,4445
~49.6854
-50.9363
=52.1977
-53.4687
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$.8000
$.9000
6.0000
6.1000
6.2000
6.3000
6.4000
6.5000
6.6000

.7 87000
68000

6+9000
7.0000
7.1000
T.2000
7.3000
T.6000
7.5000
T.6000
T7000
7.8000
7.9000
8.0000
8.1000
8.2000
8.3000
8.4000
8.5000
8.6000
8.7000
8.8000
8.9000
9.0000
9.1000
9.2000
9.3000
9.6000
9.5000
9.6000
9.7000
9.8000
9.9000
10.0000

20.9903

21,0732
21.1558
21,2382
21.32064
21.4023
21.4839
21,5653
21.6464
21,7272
21.8077
21,8879
21.9677
22.0472
2241263
22,2050
22,2834
22.3614
22.4391
22.5163
22.5932
22.6697
22.7457
22.8214
22.8967
22.9715
23.0460
23,1200
23.1936
23.2668
23.3396
23,6120
23.4840
23.5556
23,6267
23.6974
23.7678
23.8377
23.9072
23.9762
26,0449
24,1132
24.1811
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-54.7493
-56.0394
-57.3386
-58.6469
-59.9640
-61.2897
-62.6239
=63.9664
-65.3169
-66.6754
-68.0415
-690‘133
-70.7964
-72.1848
-73.5802 .
-74.982S
-"03915
-77.8072
-79.2292
”006576
-82.0922
"305327
-84.9792
'860‘3“
-87.8892
-89.3528
-90.8212
-92.2951
-93.7741
-95.2582'
-96.7472
-98.2409
'9’.739‘
-101.2424
~102.7499
-104.2619
-105.7780
-107.2984
-108.8229
-110.3514
-111.8839
-113.4202
=-114.9602
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